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on I n t e l  I i g i b i  l i t y  
1.0 l NTRODUCT l ON 
Th i s  r e p o r t  presents t h e  f i r s t  complete t reatment  o f  medium frequency 
w i re less  r a d i o  cornmunicatlon system design methodology oubl ished as 
a resu l  t o f  U.S. Bureau o f  M l  nes funded research and deve loprmnt. 
The r e p o r t  contents cons i s t  o f  a compendium o f  a1 l medium frequency 
foundation technology elements t c r d a t e  i n  a form d i r e c t l y  usable 
f o r  system design; a de ta i l ed  desc r i p t i on  o f  medium frequency system 
a r c h i t e c t u r e  and o f  t he  equipment elements compris ing t h e  system; and 
o f  a p a r t i c u l a r  system design example I n  an AC mlne w i t h  t r a c k l e s s  
haulage leading toward a pro to type systsm d e m s t r a t i o n  plan. 
The work repor ted here i n i nc l udes techno l og i  ca l deve l opments from 
several sources w i t h i n  the  USBM PMSRC research comnunity being 
brought toge ther  f o r  t h e  f i r s t  t ime as a composite methodology. Some 
o f  the  ana lys is  techniques repor ted here in  .are newly developed by 
t he  author o r  are  be ing appl ied  t o  medl urn frequency ( MF systems 
by t he  author f o r  t h e  f i r s t  t i  me. 
The s t a r t i  ng e f f o r t  t o  deve lop an MF system design c o n c e ~ t  was ~ e r f o r m e d  
f o r  t he  aureau by Rockwe l l /Co l I i ns under con t rac t  #H03770 1 3 e n t  i t l ed, 
Wireless Communications f o r  Trackless Haulage Vehicles, Phase I .  Th is  
con t rac t  "veh ic le"  f o r  mti va t  i ng MF system des i gn t h  i nk i  na was 
pred icated on t he  mast obvious and needed requirement f o r  w l re iess  
comrnun i c a t  i ons i n underground coa I mi-nes; name I y, t o  p rov i  de ve h i cu l a r  
comnunications i n  AC mines equ iva len t  ( o r  super io r  1 t o  t r o l l e y  
phone communications i n  DC mines. Previous medium frequency electromagnet ic  
mine measurements has shown t h 9  f eas i b i  l i t y  o f  serv ing t h i s  need 
through c a r r i e r  cu r ren t  coup l i ng i n t o  exi s t 1  ng m i  ne w i  r i ns. 
Using t h e  o r i g i n a l  RockweII/CoI I i n s  r e s u l t s  and t h e i r  review by PMSRC 
as a s t a r t i n g  po in t ,  t h i s  r e p o r t  extends these r e s u l t s  and provides 
t he  bas i s f o r  camp l e t e  system desi gn. Th i s r e p o r t  has been prepared 5\f 
Te r ry  S. Cory, P.E. under separate con t rac t  J0395072. The work has been 
accompl ised over  a 90 day per iod  from Apr i  l through Ju ly ,  1979. 
1 . 1  STATEMENT OF THE PR0BLEF.I 
Th is  r e p o r t  serves a dual purpose; namely t o  focus a l l  ~ r e v i o u s  w i re less  
MF R 8 D i n  underground coa l mines toward a general m i  ne-wide system 
design concept, and then t o  apply t h e  concept t o  a p a r t i c u l a r  ~ r a c t i c a l  
communications problem - p rov i d i ng  communication i n  AC mines f o r  which 
t he re  i s  no d i r e c t  t r a c k  and t r o l l e y  connection t o  vehic les,  Once 
estab l  ished, an MF comnunication system o f f e r s  increased ve rsa t i  l i f y  
over t h e  use o f  t r o l  l ey phones because it i s  no t  cons t ra i  ned t o  locations 
where t he re  i s t r a c k  and t r o  l ley, b u t  i nc l udes an operat  i ona I area f o r  
veh icu la r  communications p o t e n t i a l  l y  cover ing a l l  locat ions where 
veh ic les  may be found. Also, t h e  system i s  usable w i t h  man-carried 
po r t ab l e  rad ios  which may t a l k  t o  t h e  veh ic les  or ,  by thevselves, 
d i r e c t l y  back t o  t h e  base s ta t i on ,  
As a "para 1 l e 1 " t o  conventi  ona l t r o l  l ey phone communications, t h e  
w i re less  system a l s o  depends upon c a r r i e r  cu r ren t  f l ow lng  i n  rnlne 
w i r i ng conductors f o r  long range comrnun i c a t i  ons I n  m i  nes. Previous 
R & D has es tab l ished medium frequencies i n  t h e  300-1000 ki(z rance 
as being optimum f o r  w i re less  coup l ing i n t o  these conductors w i t h  
t h e  normal t r o l l e y  phone frequency band o f  nominal ly  88-108 kHz as 
being t o o  low f o r  e f f i c i e n t  coupl ing. An added fea tu re  o f  the  use 
o f  medium frequencies i s  t h a t  they have a l s o  been found t o  be optlmum 
f o r  w i re less  t ransmission d i r e c t l y  through t h e  coal  seam i n  absence 
o f  conductors. While MF i s  optimum f o r  w i re less  coup1 ing, t h e  
coup l i ng losses p l us i ncreased a t t enua t i on  o f  c a r r i e r  cu r ren t  i n 
long runs ( w i t h  respect  t o  t r o l  ley  phone frequencies, due t o  t h e  
h igher  frequencies involved w i l  l m s t  o f t e n  r equ i r e  t h e  use o f  
repeaters. Th i s  i s  i n  con t ras t  t o  t r o l  ley phone operat ion,  where 
repeaters a re  no t  used. 
A general purpose MF system may have wide a p p i i c a b i l  i t y  t o  many types 
o f  underground m i  nes, i nc l ud l np i rnproved DC coa l m i  ne m i  ne commun i ca t ions  
and metal/non-metal mine communications. The t r ack l ess  haulage 
app l i ca t ion ,  f o r  which t h e  t r o l l e y  phone p a r a l l e l  i s  drawn , serves 
hau l ageway comnun i c a t  i ons on l y. Add i t I ona I requ i r e ren t s  i n underground 
coal m i  nes which ray be served v i  a an MF w i re l ess  system i nc l  ude: 
Sect ion Comnunications 
vo ice commun i c a t  ion coverage poss l D i l i ti es 
forward o f  t he  sect  i on  power center  i n to  
the  area where coal i s  be ing mined 
vo ice communications con i r o l  by a face boss 
o f  a l l  s h i f t  crew and maintainance o r  
i nspect i on personne l over  an en t  l r e  pane l 
t o  serve automat i c remote man i t o r  i ng o f  a l rf low, 
methane, and carbon mnox ide  l eve l s  i n  an ares 
be ing mined 
Paging 
t he  l oca t l on  o f  particular personnel i n  the  min2 
r a t h e r  than j u s t  a veh i c l e  
Emergency 
w i re less  comnunicatlons w i t h i n  t h e  seam may no? 
be hampered by rock- fa l l s o r  broken phone I i nes, 
etc. 
inspector  d i scover ing  p o t e n t i a l l y  hazardous 
cond i t i ons  can q u i c k l y  in form a l l  ~ e r s o n n e l  
a f f ec ted  
Hoi s t / s h a f t  Comnunicatlon 
poss I b l e s i mp l i f i ed commun l ca t ions  surface-to- 
underground 1 n p o r t a l  area v l a  c a r r l e r  c u r r a n i  
induced i n  holst /cage conductors 
I n  common w i t h  t r o l l e y  phone opera t ion ,  t h e  use o f  MF w i r e l e s s  r a d i c  
communications uses e x i s t i n g  mine w i r i n g  conductors; thereby e l  i m i n a t i n a  
t h e  need t o  " s t r i n g "  addi t i o n a l  wires. 
1.2 HISTORY OF MF WIRELESS RADIO R & 0 
The p o s s i b i l i t y  o f  extended throuoh-the-seam w i r e l e s s  communications 
( w i t h  respect  t o  t h a t  th rough homoaeneous e a r t h  1 was f i r s t  observed 
i n  August 1974 by PMSRC personnel t e s t i n g  a p a i r  o f  South A f r i c a n  
ECAM r a d i o s  i n  t h e  I r e l a n d  mine, 
As p a r t  o f  a USBM sponsored m i  ne w l r e  l ess p ro to type  hardware deve l o ~ m e n t  
program i n  e a r l y  1975 ( H034067 1, magnetic f i e l d  s t r e n g t h  measurements 
were performed by t h e  author  toward s e l e c t i n g  t h e  best  o p e r a t i n g  
frequency f o r  t h e  radios.  l.lF was determi ned t o  be optimum i n areas 
w i t h o u t  conductors i n t h e  P i  t t s b u r g h  seam. Under USBM c o n t r a c t  ( H0346045 1, 
A r t h u r  D, L i t t l e ,  Inc. ( ADL i d e n t i f i e d  t h e o r e t i c a l l y  t h e  auasi-TEM 
para l l e l p l a t e  wavegui de mode as bei  no predomi nant  i n conductor-f  ree  
areas. Concur rent ly  w i t h  t h i s ,  t h e  author  noted substantial coup l i ng  
o f  c a r r i e r  c u r r e n t  i n t o  e x i s t i n g  mine w i r i n g  conductors, and t h e  f i r s t  
coup l i n s  models were developed. 
I n 1976- 1977 under FbnSRC sponsorshi D ( H0366028 1, t h e  author  performed 
magnetic f i e l d  s t r e n g t h  measurements i n  6 mines i n  3 seams i n  h i g h  coal 
i n bo th  quas i -conductor-f  ree  and cond uc tor -orox i  m i  t y  w e a s .  The resu I t s  
were analyzed by ADL, proguc ing es t imates  o f  t h e  c o n s t l t u l t i v e  
parameters I n  t h e  coa l  seam e n v i r o n m ~ n t  ( H0346045 1. Concurrent ly ,  t h e  
author  developed the  s c a t t e r  ga in  theory,  us lng  ADLrs 3- layer  f i e l d  
s t r e n g t h  model as a basis,  f o r  coup! i ng  i n t o  conductors f r o n  a remete 
t ransmi t te r .Th is  t h e o r y  was used t o  show, f o r  t h e  f i r s t  t ime,  t h t t  
near-opt i mum frequenc i es f o r  d i r e c t  through-the-seam transmi ss i on and 
f o r  r e m t e  coup l i n i n t o  conductors were compatl b l e. 
I n  1977-1978 under PMSRC sponsorship ( H0377053 1, t h e  au tho r  performed 
magnetic f i e l d  s t r e n g t h  measurements i n  5 mines i n  4 seams i n  low coal  
i n both  quas i -conductor-free and conductor-proxl m i  t y  areas, These resu l ts ' 
were again analyzed by ADL C H0346045 1 i n  t h e  same fashion,  Care was 
taken t o  o b t a i n  e x p e r i m n t a l  measures o f  s c a t t e r  ga in  and, us ing  t b e  
ADL d e r  i ved cons t  i t u i  t i ve parameters, t h e  remote coup l i ng s c a t t e r  ga i n 
theo ry  was va l i dated v i  a c l o s e  compari son o f  t h e o r e t  i ca I and emp i rl ca I 
resu I t s ,  
I n 1978, under PMSRC sponsorsh i p ( PO382223 1, t h e  au tho r  deve l ~ p e d  
p ro to type  v e h i c u l a r  antenna hardware f o r  eva l u a t i o n  ( t r a c k 1  ess haul age 
veh ic les  1 and conducted "close" conductor  coup l i ng  s t u d i e s  i n c l u d i n g  
g raph ica l  f i e l d  mappings o f  magnetic f i e l d  f n  t y p i c a l  e n t r y  c rossect lons .  
Th i s work, i n con junc t ion  w i t h  the  remote coup l i ng s c a t t e r  ga I n techn 1 que 
has p r o v i  ded t h e  bas i s f o r  t h e  pred i c t  l ve coup l i ng mode l presented i n 
t h i s  repo r t .  
I n  1978 and 1979, as p a r t  o f  a program t o  m a s u r e  no ise  on t w i s t e d  p a i r  
phone l i n e s  ( PO382497 1, t h e  au tho r  ex t rapo la ted  common mode noise 
data i n t o  f i e l d  s t r e n g t h  near conductors and combined t h e  r e s u l t s  w i t h  
prev ious  NBS der i ved  no ise  data. T h i s  has prov ided t h e  b a s i s  f o r  s e l e c t i o n  
o f  no i  se \eve l s near conductors i n AC ml nes and has p r o v i  ded t h e  f 1 r s ?  
es t ima te  o f  t h e  i m ~ u l s i  ve na tu re  o f  no1 se near conductors I n  DC mines. 
I t has a I so p rov i  ded t he  basi s f o r  e s t  i mat i ng b i f i l a r  mode con t ro  1 
l i nk performance a t  MF over phone l i nes l nc l  udi ng t h e  f i r s t  e s t  i rratss 
o f  phone l i n e  a t t enua t i on  i n  t h e  MF region. 
P r i  nc i pa l con t r  i butors  t o  red i urn f reouency techno l ogy a t  Pb5RC have 
been H. Dobroski and R. Chufo. Principal con t r i bu to r s  t o  rnsdlum 
frequency technology a t  ADL have been Robert Lagace and Fred Ernsl ie. 
The above i s  a r a the r  shor t  summary o f  selected VF 4 8 9 a c t l v l t i e s  
which have lead d i r e c t l y  t o  system design. A more complete 
understanding o f  a l l  t he  medium frequency work and i t s  chronology, 
i n c l  udi ng the f i n e  ADL work i n t h e  area o f  dedicated w i  r e  and mu1 ti- 
conductor m d e  ana lys is  can be-obta ined from Sect ion 7 o f  t h i s  repor t .  
1.3 REPORT CONTENTS 
Two p a r t i c u l a r  sect ions, Sect ion 3 and Sect ion 5 , have been preparsd 
on a stand-alone basis. These are, respect1 veiy, MF System Desi pn Primer, 
and Compend i urn o f  Foundation Tecnno logy E I ements. 
Sect ion 2 comprises t h e  Execut ive Summary o f  t h e  work. 
Sect i on  4, MF System El ement Speci f i cat ions,  draws heavi l y on Sect Ions 
3 8 5 and summarizes p e r t i n e n t  equipment parameters i n  a s i n s i e  l o c a t i o n  
i n t h e  repor t .  
Sect ion 6, System Capab i l i t y  Demns-kration Plan, i s  w r i t t e n  i n  ?hz form 
o f  a proposal based on the  imp l e m n t a t i o n  o f  a " t e ~ t - b e d ~ ~ = s y s t e r n  i n  ?5e 
He1 v e t i a  Coal Co, Lucerne #8 mine - the  mine f o r  which t h e  strawran 
ca l cu l a t i ons  given i n  t h i s  r e p o r t  were made. 
Sect ion 7, Reference Index o f  MF Technology Resources, Includes a r a t h e r  
complete b ib l i og raphy  o f  t he  t o p i c  together  w i t h  b r i e f  abs t rac ts  o f  t h e  
work performed. 
2.0 EXECUT I VE SUMMARY 
The po ten t i a l  performance c h a r a c t e r i s t i c s  o f  medium frequency ( MF 
w i r e  less communications systems i n underground coa l m i  nes are  we l l 
understood. The s t a t e  o f  deve loped hardware t o  imp lement MF systems 
i n U.S. coal m i  nes i s  embryonic ., bu t  growl ng. 
This technology was i n i t i a t e d  t h r o u ~ h  t e s t i n g  o f  a 15-20 wat t  SSB 
po r t ab l e  r a d i o  developed i n  South A f r i c a  by ECAM. The p o s s i b i l i t i e s  
f o r  w i re less  comnunications i n  underground mines s t imula ted the  
development o f  t he  f i r s t  U.S. pro to type rad ios  by PPSSRC dur ing  
1975-1976 v i a  Rockwel l /Cel l ins.  These radios, cons i s t i ne  o f  por tab les  
and a bass s t a t i on ,  were t es ted  along w i t h  t h e  ECAM rad ios  i n  
con junct ion w i t h  t h e  magnetic f i e l d  s t reng th  measurement prosram. 
The Co l l i ns portab l e, packaged near l y  i dent1 ca l 1 y t o  t h e  ECAP rad 1 G, 
was a 20-watt norrowband FM u n i t .  Unfor tunately,  both o f  t h e  above 
rad ios  embodies cumbersome designs and r i g i d  antennas which were 
unappea l i ng and coul d no t  be conven i ent  1 y "worn" w i thou* ham~er  i na 
t h e  normal work du t i es  o f  a miner. E b t S  o f  these rad ios  ( ECAM 2 
335 kHz and the Co I l i ns @ 520 kHz exh i b i ted  s i m i  l a t  maxi mum range 
performance i n conductor-f tee areas, g i  v l  ng up t o  1600 f ee t  o f  range 
i n  the  P i t t sburgh  seam and up t o  400 f e e t  o f  range i n  t he  He r r l n  f 6  
seam. During t h i s  e a r l y  1975-1976 period, these rad los  were viewed 
p r i m a r i l y  as c u r i o s i t i e s  by t h e  indus t ry  w i t h  l i t t l e  a c t i v e  i n t e r e s i  
i n  t h e  technology being expressed. 
The f i r s t  i ndustry-st imul ated " look" a t  MF occurred du r i  ng t h e  1076- 
1977 t ine f rame when Conso l idat ion Coal ( v i a  Lee Engineering and 
Ferry Telemetry o f  Hiawatha, Iowa developed a low power ( 7-watt 
"second generat ion'' SSB portab l e f o r  t e s t  i ns based on CONSOL requi  r e m n t s  
i n  t h e  environmental sa fe ty  area. Somewhat concur ren t l y  w i t h  t h i s ,  a 
new smal l e r  South Af r ican r a d i o  ( I-watts > o f  improved packaging 
desi gn was devl oped by RACAL and i s now ava i lab l e i n l i m i  t ed  auant i t l es 
i n  t he  U.S. market. Unfor tunate ly ,  both o f  the above rad ios  have been 
found t o  be unsat i  s f ac to r y  f o r  extended system use i n  coa l m i  nes 
because : 
The power leve l  i s  t o o  low ( i n  the  case o f  t h e  
RACAL rad io)  
+ SSB rad io  Inheren t l y  s u f f e r s  severely from impulse 
no ise near conductors ( i n p a r t i c u l a r ,  t h e  automatic 
squelch on t h e  RACAL r ad io  and I t s  long AGC recovsry 
t ime  constant  renders it nea r l y  unusable i n  impulse 
no i se 
Dur i ng t h e  1975- 1 976 USBM eva I ua t  1 on o f  t h e  " f i r s t  generat i on" proto+ype 
rad ios, cornparati ve t e s t s  near conductors were neglected I n favor  o f  
t e s t s  t o  support character1 z a t  i on  o f  performance I n qui  e t  areas; t h e  
case o f  most s c i e n t i f i c  i n t e res t ,  bu t  l eas t  operat iona l  s ign i f i cance .  
Current ly ,  the  narrowband FM r a d i o  i s  c l e a r l y  viewed by t he  author as 
b e i n g t h  e t ype  m s t  des i red f o r  use i n  large-scale MF systems i n  both 
AC and DC mines. Dur ing t h i s  same t ime  perlod, and i n t o  1978, PPlSRC 
was i nstrumen-lal i n t he  development o f  improved "second generst ion" FM 
r a d i o  hardware f o r  a d i f f e r e n t  reason; namely, t he  devalopment o f  a 
m u l t i p l e x  w i re less  MF methane m n i t o r i n g  system f o r  continuous miners. 
A new i nd us t ry -s t  i mu l  ated i n t e r e s t  i n w i r e  l ess commun i ca t ions  I n coa 1 
m i  nes has evo l  ved natura l  l  y  because o f  the  t rack1  ess haul age commun i c a t i o n  
problem i n  AC mines. T ro l  ley phone manufacturers a r e  now working towards 
wireless-coupled veh icu la r  rad ios  t o  so lve t h i s  problerr, Add i t i ona l  ly ,  
i n t e r e s t  i s  growing i n  t he  p o t e n t i a l  o f  w i re less  communications i n  
sect ions,  
I t i s now safe t o  say t h a t  MF w i r e  l ess rad i o  development w i l l occur 
v i a  natura  l  i ndus t ry  s t i  mulat ion over t h e  next  several years f o r  coal 
mines, even w i thou t  add i t i ona l  R & D sponsored by USBV. The idea was 
spawned by the  e a r l y  : f e a s i b i l i t y 1 '  technology t r a n s f e r  e f f o r t s  by 
PMSRC, 
The o n l y  problem w i t h  t h i s  na tu ra l  growth i s  t h a t  i t  i s  l i k e l y  t o  occur 
t o  meet speci f i c i so l  ated requi  rements w i thou t  ever recogn i zi ng t hs  
f u l l  large-scale communication sys ten p o t e n t i a l  t h a t  i s  poss ib le  by 
f i tt i ng t h e  rad i o  des i gns i n to  an overa l  l  arch i tec ture .  Recogn i z i ng 
t h  i s, PMSFiC has p rov i  ded f o r  t h e  con t ro l  l  ed devel opment o f  a "+h i r d  
generat ion" o f  rad ios  ( H0395120 1 which w i t  I ,  hopeful ly,  be compai ib le 
w i t h  a concept f o r  large-scale system Implementation. 
PMSRC has recogn i zed t h e  need f o r  t h  I s "system des i gn l  eadersh l pl' s i nce 
1976 when t h e  ( H0366056 1 Wireless Communications f o r  Trackless Haulage 
Vehicles con t rac t  was i n i t i a t e d ,  Circumstances, beyond t h e  con t ro l  o f  
USBM and the  R 8 D commun i t y  have prevented 3 ear l  i e r  t reatment of 
systems and the  disseminat ion o f  MF system design guidance t o  t h e  
i nd us t ry ,  
Hopeful ly,  it i s  n o t  t o o  l a t e  t o  guide the  course o f  developments 
i n  t h i s  e x c i t i n g  technology area t o  i t s  f u l  l p o t e n t i a l .  
2,l MF SYSTEM POTENTIAL 
2 ,  I  POTENTIAL FEATURES 
As w i l l  be shown i n  t h i s  repor t ,  t he  use o f  a s u l t a b l y  designed MF 
w i r e  l ess rad I o commun i c a t  ion  system prov i  des t h e  capab i I i t y  f o r  m i  ne- 
wide communications,not l i mited by very c lose  p rox im i t y  t o  conductors, 
between Portable,  Vehicular, and Base S ta t i on  rad ios  i n  underground 
coal mines, 
Amajor fea tu re  o f  an MF system i s  t h a t  I t  I s  n o t  i nheren t l y  constra ined 
by spec ia l  wiringand, i n  fac t ,  requ i res  no s ~ e c l a i  w i r i n g  save, perhaps, 
f o r  a separate phone l i n e  cpn t ro l  l i n k  t o  Remote Base repeaters. 
Because t he re  i s  nol'cable p l an t "  d i r e c t l y  I n t e r f a c i n g  the  system and 
powering any o f  t h e  system elements, t h e  i n t r i n s i c  sa fe ty  o f  t he  systsm 
res ides soley i n  the  i n t r i n s i c  sa fe t y  o f  t h e  i nd i v i dua l  r a d l o  an i f s .  To 
d r i v e  home t h i s  po in t ,  t h e  reader i s  reminded o f  t h e  K M - I O I  system 
i n  which t h e  i n t r i n s i c  sa fe ty  o f  any element o f  the  sys ten I s  t i s d  ineo 
t h e  i n t r i n s i c  sa fe ty  o f  t he  e n t i r e  system. The system, thus, provides 
an i n t e r f a c e  between t h e  haulageway "Iong-haul" l i n k s  and +he c9nduc+,r- 
f r ee  loca l  l inks  i n  t h e  area be ing mined t h a t  i s  no more compl i ca fed  
than t h e  design o f  t he  i nd i v i dua l  element radios.  
2.1.2 SYSTEM PERFORMANCE OVERVIEW 
While t h e  maximum communication ranae n e w  t h e  optimum frequency ir, 
conductor-f  tee areas emp l oy i ng d i r e c t  through-the-seam transmi ss ion va t  i es 
considerably w i t h  seam cha rac te r i s t l c s ,  t he  maximum range i n  c lose  
p rox i  m i  t y  t o  conductors v a r i  es on l y s l i ght  l y f o r  d i f f e r e n t  seams. Thus, 
f o r  r e m t e  coup l i ng i n t o  conductors, on1 y t he  c h p l  l no l a t e ra  l r m g e  
i s  s i g n i f i c a n t l y  a f fec ted  by t h e  seam. 
De ta i led  dependancies o f  corrtrnunicatlon range on frequency and on seam 
c h a r a c t e r i s t l c s  a re  i l l u s t r a ted  i n  Sect ion 5.1 o f  t h i s  repor t ,  
As a t y p i c a l  case, t h e  comrnunicafion ranges expected v i a  c lose  coup l ing  
i n t he  Upper Freeport  seam are i l l u s t r a t i  ve o f  performance ach i svzb l e 
i n  many mines. 
For a cont  i nuous conductor s t r i  n~ w i thou? stand I ng waves o r  ?aps/brancnes 
and f o r  i iadio Terminal Elements w i t h  t h e  above c i t e d  c lose  coup ie i  spaciass 
f o r  bo f  h transrni t t e r  and rece i  ver  ( antenna cen te rs  t o  C O ~ ~ U C ? O ~  ensexb 1 E 
cen te r  1, t he  maxi mum c o w u i l i c a ~ ! o r ,  ranges a long f h e  conc'uc?or s tr i  n~ are: 
( I )  I n  an AC mine 
k d i o  type Range A I  ong Conducfors 
v-v 
3-B 
40 19ri ( 2.50 R T  l as ) 
3426m ( 2.13 mi les  j 
6096rn ( 3.79 m i  16s 1 
(2)  I n  s LC minc w /be l t  haulage - 




i i a n ~ e  hl o n ~  ;orid uc fo rs  
2727m ( 1.69 m i  fes 1 
21Xm ( I ,33 m I  les 1 
4b05m ( 2.99 m i  les ) 
(3 )  I r, a CC & i  ne w i ?h f racked haul as6 & 60 ?ro l  i eyphone 
i n te r fe razca  




1013m ( 0,63 mi les  ) 
422m ( 0.26 fii l es  ) 
3091111 ( I .a8 ~ i i e s  ; 
t h e  mine t y p e  d i f f e rencas  oeisg  i h e  no ise  l eve l s  experienced; Thess 
' o p e r a t i o n a l l y  s i ~ n i f i c a n ;  types t o  be shown i n  S e c ~ i o n  5.2. 
Close exaci-nation o f  a g r e a i  deal  o f  w g n e t i c  f i e l d  s t rsng t t ,  d a t a  has 
resu l ted  i n  i h e  f o i l ow ins  expectat ions f o r  rnonofi l a r  m o ~ e  s ~ a n a i n s  wave 
leve ls  and t a ?  losses: 
For sfand.i.ng wevas 
* 3 dB i n  ;ozg hzu;~geways wi?h t a p  s p a c i n ~  o f  a? h a s t  i G C O  f e e t  
0 
+ 4 d3 I n  subma! ns w i i h  approxinate 400 f oo t  f a ?  spacings, 
I
s ing le  Tap 
+ 6 dB i n  submaizs w i t h  a?proximaTe 400 f o o t  tap spactnss, - 
doub l e tap 
+ 6 a5 i n  conductor-dense areas i n  seckions near cefi-?sr o f  s e c ? i o ~ ~ s  
0 
+ iOd6 i n  conductor-dense t r a c ~ e c ,  beiiea secyions w i %  service - 
tracks  
Note: 2 10 d b  was a l so   measure^ i n  Lucerne 88 
For taps/  j unctions 
-3 dB/s i f ig l e t a p  
-5 da/doub l e tap 
For a large scaie overview, t h e  t o :  lowing average condi t ior is my be assumec; 
I each NS o r  EN r a i n s  s p I i ?  -3 dB 
I  each subrain spl If -3 dB 
i A )  For hau l a p  arsas 
each 
4 each s i n s ; €  t 6 p s  
g iv ing  an aS5ragaTa ap?roxlrnaie loss t o  consider o f  -22 t o  -24 
d3 w i th  r s s p c t  To a i 1 a t  un ta?pe~ I i ne 
(3) For sect  ion arsas 
2 each single Taps -6 dB p i u s i l 0  c3 VSWR 
g i v i ng  an assrafata app~ox ina te  !oss o f  -22 d 3  
Nofe t h a t  t h e  assumption f o r  b o i h  hauiacjeway and sec t i on  areas produce asoo? 
t h e  sa rs  loss  e s t i w ~ e  o f  -22 a 6  i r ;  s i ~ n a i  marsin due To i - e  cc;r.bination of  
stand i ng wave and j u n c t i o n  e f f e c t s  under averase  con^ i ?ions. Under t h i s  
assumpt ion, The c i ose l y coup i ed maxi rncrr, comnun i c a i  i on  range es? i mstss 
a l ong conductor s l r  i ngs w i f h o u t  repee:ers becomes : 






Range Along Conduciors 
3138ri ( 1.95 m i l es  
2859m ( 1.78 m i les  1 
2268rn ( 1.41 m i les  1 
493717 ( 3,GG miles 1 
3729m ( 2.32 m l  Ies 1 






1 5 6 6 ~  ( 0.97 m i  les ) 
576m ( 0.61 rni les 1 
3644m ( 2.26 m i les  1 
2437rn ( 1.51 miles ) 
l846rn ( 1.15 m i  l es  
While these ranges a re  achievable when t he  t r ansm i t  and rece ive rad ios  
a re  i n  the  same en t r y  as the  conductors, an important  feature  o f  t he  
MF system i s  the  areas coverage i n  ierms o f  l a t e r a l  ( o r  t ransverse 1 
range away f romconductors. For veh i c u  l a r  operat  Ion, p rov i  d i np con? i nous 
coverage from a 5-watt r ad i o  w i t h  an assumed + I0 dB SWR on t he  
conductor(s) ,  the  l a t e r a l  ranges vs range along along canductors 
a re  i l l us t ra ted  f o r  Vehicular-*-Base S ta t l on  and Vehicular-to-Vehicular 
opera t ion  both f o r  a long continuous conductor w i thou t  branches and 
f o r  an average cond i t i on  o f  4 branches I n  Fi  sure . These a re  ranges 
w i thou t  repeaters.  I n the  P i t t sbu rgh  seam ( t he  best  seam fo r  conductor- 
f r ee  transrni ss ion  ) t h e  l a te ra  1 range w i l l be about 20-255 g rea ts r  
except t h a t  t he  d i r e c t  through-the-earth range i t s e  l f w i I l be 1230-1 600 
feet .  I n t he  Herr1 n #6 seam ( t h e  worst  seam f o r  cond uctor- f ree 
transrni ss ion  1 t h e  l a t e r a l  ranges w l  l l be about 20-258 less. 
With repeaters i n  an AC mine f o r  transmf ss ion back t o  a Base S ta t l on  
from a r a d i o  located one-entry remved  from the  nearest  conductor, 
repeater  spacings w i l l  be i - 3/4 m i l e  ( L ine Amp l l f l e r s  1 i n  areas 
w i t h  m u l t i p l e  branches and nea r l y  a m i l e  a long major haulageways where 
theone-entry-away coverage i s des i red. For transml ss ion  area coverage 
const ra  i ned t o  t h e  ma Jar haul ageway e n t r y  c rossect  i ons, t h e  a l l owab l e 
repeater  spaci ng w i l I approach 2 m i  I es. Using %mote Base Repeaters, 
where extended mobi le  u n i t - t o - m b l l e  u n i t  pe r f o rmnce  i s  no t  reau i red v l a  
repeaters, therepeater  spac i ngs above m y  be near l y doub i ed . 

S UbfMARY OF PREFERRED SY STEP CONCEPT 
The communication l Ink  poss ib l  l i t i e s  on an overs1 l cine-wide bss ls  
ernp l oy i ng a l l t he  System El  ements a re  i l l us f ra ted  I n Fl gure 2; . Tns 
reader i s  r e f e r red  t o  Sect lon 3 f o r  p rec ise  d e f i n i t i o n  and features 
o f  t he  p a r t i c u l a r  System El ements. 
The design i s  based on the use o f  nomina i ly  5-watt r ad i os  e m p i o y i ~ g  
narrowband FM t ransmiss ion f o r  a l l h d i o  Terf i inal  Elements and f o r  a i i 
Repeater E lements, I n actua l equ I prrent das I gn, t h e  maxi mum common u s a p  
- o f  t r a n s m i t  and rece i  ve "modules" be'tween a l l a c i i  ve system elements i s  
assumed, 
The design uses some Continuous Tone Coded Squelch ( CTCS decoding anc 
encoding t o  prov ide operator  s i rnp lec i f y  on t h e  p a r t  o f  f h s  ?or tab les  and 
Vehiculars, and t o  he1p"decoupls" t n e  t ransmiss ion mdes. Use o f  a d d i ~ i o n a l  
CTCS c o n t r o l  i s  discussed as p rov i d i nc  ernbellshments beyond t h e  bas ic  
design; b u t  a re  n o t  inc luded as p a r t  o f  t h e  bas ic  design because o f  t h e  
recognized s i z e  o f  co~ rne rc i a i  l y  a v a i i a b l e  encoder and decoder cori?onents 
and because t h e i r  use may no t  prove operat iona l  l y  f s a s i b l e  ( except o f  
supervi sory  rad i os, i f two " t i e r s "  o f  rad ios  a r e  p r a c t  i ca i 1 un t  i i 
experience has been gained w i f h  an ac?uai opera t ins  systen. 
The frequency p lan  i s  a two-frequency p lan  p rov i d i ng  f o r  both simplex and 
ha l f -dup lex  types o f  operat ion.  The frequency ? tan  i s  t h e  same f o r  a l l  
Radio Terminal Elernents, w i t h  a v a r i a t i o n  i n  The Ease S ta t ion .  The 
f requencies, aesi gnated f :  and , are expected Co occur i n  the 500-ii30 
kHz range w i t h  a minimum 6: 105 f a p e r a f i o n  and w i t h  f beins  :he h i ~ h s r  
frequency o f  She two. I 
The frequency p lan  op t ions  f o r  the  Por fsb les  and VehicuIars a re  envis ionea 
as beins  selec?abie v i a  a f h res -pos i f i on  swiich on t he  encfosure as 
f o l  lows: 
- - 
I' Loca 1 I1 - i r m s f i i  ? f no CTCS 
I 
Aecs i ve f ,  ao CTCS 
" Sa s el' Trcnsmi t f ,  CTCS 
iisca i va f l  no CTCS 
I1Rercote" Transz; -; f2 CTCS 
Rece i ve f no CTCS 
I 
A s i n g l e  tone  encoder is used w l t h  bo th  Transmi: f requencies ( and a s i  n s i s  
tone i s used throughout the  sysTern 1. Use o f  t he  s i ng i e rece i  ve frequency, 
of course, poses t h e  ambi j i u i t y  of which "modet1 I s  being  received. Th i s  
i s  acceptable i n  t h i s  type o f  se r v i ce  where tne opera to r  gene ra l l y  kncws 
t o  whom he i s  t a l k i n g  and whether i t  i s  l'Locaill o r  I15ase"; otherwise, i~ 

























































































































































































































































The dispaTcher has a d d i t i o n a l  v i s i b i i i f y  w i f h  regerd t o  the ~ y ? s  o f  
comun i c a t  ions bei ns serv iced and can 6 ; f f e ren f  1 a f  e between 8enofe 3asa -. 
and "Locai" o r  "mobile u n i f "  i inks. m e  frequency p i a n  f o r  t i b e  base S f a t i o n  
i s :  
Rece i va f no CCCS 
;dote: cn base s t a t i o n  a ~ t s n n a  o r  on a cou?fed 
- m n o f  i l c r  conductor 
"Remote Base" Transmit  f 2  no CTCS, o r  baseband sua io  
Recei ve f2 no CTCS, o r  baseband aud i o  
Note: on ?hone l i n e  oniy, b i f i  lar mods 
"Remte/ivbb i l e Transmi t f 2  
CTCS 
ljn i t" 
Rece i ve .l 
no CTCS 
Note: on cou; l ed rriinof i l a r  conductor 
I f p rov i s i ons  a re  made i n  t he  3ase S t s t i o n  design f o r  s i n u l c a s i i n g  and, i f  
L ine Coupler elements a r e  linked t o  t h e  phone I i ne  ( b i f i  i a r  rk)de ) ;  Then, 
i n  t h e  s imulcast  node, CTCS should be t r ansm i f t ed  on f ,  on t he  ?hone i i ne  
L 
( assuming f i s  used r z t h e r  than bassband audio 1, 2 
The frequency p lan  f o r  t h e  Remote Base is:  
Recs i ve f no CTCS, o r  baseband a u ~ i o  on 
w i r e l i n e  I ink 
CTCS on MF I i n k 
i 
f no CTCS, o r  baseband audio on 
w i r e i i n e  l i n k  
Transmi T 
f no CTCS on MF l i n k  I 
The frequency plans i o r  The i i n e  A ~ p l  l f i s r ,  L ine C o ~ p l e r ,  ana 2een;o~e 
Repeater a r e  iaen t i ca ,  and are: 
Rece l ve 
f2 
CTCS 
Transr;,i t- f ,  no CCCS 
As an over lay  orr t h i s  bas ic  freqiiency j l an ,  a d d i t i o n a l  C X S  tones cou id  
be added t o  p rov i  de: 
* Paging/Call h k r t  froin t h e  Bass S t a t i o n  
Each o r  c e r t a i n  Por tab les  and Venicuiars would hsve a "home" 
eddress tone decoder such t h a t  i f t h i s  Tone was received,  i t  
would aud ib ly  o r  v i s u a l l y  s i sna l  t h e  opera to r  o f  t h a  r a d i o  
o f  a c a l l  
e P r i v a t e  L ine ( b i o c ~ i n ~  i r o n  saiectac ra&os  
Selected superv isory  rad ios  wouid have a tone encoder anu each 
non-supervisory r a d i o  would have a tone decoder such ?hat  i f  
t h e  tone were sem,  i t  wodid b lock  t h e  r ece i ve r  o f  each r a d l o  
navi ns t h e  decoder 
The system prov ides f o r  f o u r  quasi-decoupled types o r  modes o f  
commun i c a t  i ons, These a re  : 
Base S ta t ion - to - loca l  area( Por tab le /Veh icu la r  comnu;7icatlons 
v i a  t h e  Remore Base repeater .  
The l i nk  i s  provided usi ng the  b i  f  I i a r  phone l ine  trensrr i ission 
node wh i ch i so l a i es  i t f ron  Pypes us i ng monof i l a r  mode coup I i ng 
and i ransmiss ion.  Th i s  l i n k  i s  i so l a ted  from long aisfance loca i  
area-to-l  oca l area i ransmi  ss ion v i  a frequency separat  I on f o r  
t ransmissions o r i g i n a t i n g  from a Line COG; i e r  Repeater snd by 
CTCS f o r  t ransmiss ions o r i g i n a t i n g  from t h e  3ase S f a t i o n  
L o n ~  d is tance Bass S f a t i o n  o r  PortabIe/Vehicular-to-mbi16 u n i t  
commun i c a i  i ons v i  a a L i ne Amp l i i ie r  repea ie r  
. The l i n k  i s  provided ~ ~ I n ~ t h e m o n o f i l a r r i o d e f r a n s n i s s i o n o ~  ?he  
AC power cab le  and/or phone l i n e  which i s o l a t e s  i i  from types 
us ing t h e  b i f i l a r  mods f o r  t r a n s ~ i s s i o n ,  Th is  l i n k  i s  isola*et i  
from 1 inks  employing a L ine  Coupler and t he  monofi l a r  mods aecause 
o f  frequency separat ion ( two repeaters w i f h  l i k e  frequency p lans 
cannot be chained 
Enended range loca 1-area-on I y fype of  comuni c a i i o n s  v i a  a 
L i  ne Coup i er repeater, coup i ed f o  a m n o f  i l a r  conductor 
Same r a t i o n a l s  app l i es  as f o r  the above mobils u n i t  mono f i l a r  
l  ink. 
e Extended range I oca i area-TO- i oca 1 area connun i ca t i ons  v i a a 
Line Coupler 3e;eoiar, cou?led t o  t h e  b i f i l a r  phone i i n e  node 
Same r a t i o n a t e  a2p l i es  f o r  i s o l a t i o n  as f o r  t n e  sbove Base 
Sta t ion- to- loca i  area l i nk ,  
h d d i f i o n a l i y ,  l oca l  area s i ~ p l e x  connunicat ions are sorewhat IsoisteC f r o% 
co rmun i ca~ ions  from t h e  l oca l  area 70 t h e  3ase S t a f i o n  v i a   he Semo~e 
Base th roush the use o f  CTCS, 
O f  course, CTCS does n o t  p rov i  de nuch i so l  a t i o n  under dense T r a f f i c  
cond i t i ons ;  and,due To the c o ~ m n o r e c a i v e  frequency,  here w i l l  be 
i n t e r f e rance  between "Local" and "2emote" t ransmiss ions and between 
"Iocai-area-only" transmissions. 
2.3 FURTHER R 8 D RECOMb.ENDAT I ONS 
For f u t h e r i n g  t h e  combined USBM 2 & D cmimunity i n t e r e s t  p l u s  indus t ry  
i n t e r e s t  i n  MF system p o t e n t i a l ,  t h e  f o l l o w i n q  i t e m  would be p r o f i t a b l e  
t o  pursue: 
Using Col l i n s  p ro to type  FM radios,  conduct maximum 
range t e s t i n g  i n  several  coal  mines, i n c l u d i n g  a l i n k  
t o  t h e  sur face - thus d e m n s t r a t i n g ,  w i t h  hard data, 
t h e  maxi mum range capab i l i t y  
Using a C o l l i n s  p ro to type  FF4 r a d i o  working i n t o  a 
v e h i c u l a r  p ro to type  antenna, d e m n s t r a t e  t h e  a b i l i t y  
t o  couple i n t o  complex mine w i r i n g  oeometr ies 
Us i ng a  pa i r o f  Co I  l  i ns p ro to type  FP4 rad i os, derronstrate 
t h e  communication ranpe through a  r o o f - f a l l  ( c o n t a i n i n s  
one o r  m r e  broken o r  unbroken conductors 1; thus  
i l l u s t r a t  i ng t h e  p o t e n t  i a  l o f  MF f o r  rescue comnun i c a i  i ons 
Using a p a i r  o f  Col I  ins  p ra to type  FM rad ios ,  conduct. 
comun i c a t  i on range exper i emnts near conductors I n e 
DC mine, thus  p r o v i d i n g  hard data on t h e  p e r f o r m n c s  
i n  a  h i g h l y  Impuls ive no ise  environment; t h e  ranpe should 
be c o r r e l a t e d  w i t h  measurement o f  t h e  s igna l  c a r r i e r  
c u r r e n t  1 eve I 
2.4 STRAWMA14 SYSTEF.1 DESIGN FOR LUCERNE #8 
Ca lucu la t i ons  o f  c o m u n i c a t i o n  area coverage f o r  Vehicular- to-Venicuiar  
( V - V  ) and Veh i c u l  ar-to-Base S t a t i o n  o ~ e r a t i o n  inc l  ud i ng t h e  l o c e i i o n  
o f  repeaters  has been made f o r  t h e  H e l v e t i a  Coal Go. Lucerne #8 mine 
i n  t h e  Upper Freeport  seam.This n ine  i s  f a m i l i a r  t o  PMSRC 
and i s  one f o r  which t h e  Sureau nas an onooi no communicaf ions sysfem 
test-bed program under cooperat ive  aareemn-; w i t h  t h e  mine. The au tho r  
v i s i t e d  t h i s  mine du r ino  August, 1977, and performed a  an e lec t romagne i i c  
f i e i d  mapping a t  rredium frequency i n  t h i s  n ine  a t  t h a t  t ime. 14 summtry 
m i  ne map was prepared i i l u s t r a t  i n~ f h c  s t a t u s  o f  m i  n i ng opera t  1 ons, 
top0 log i  ca i l y, toge the r  w i t h  assumed arsa coverase reg ions f o r  a 
t r a c k l e s s  haulage MF s y s t e ~  as o f  l a i e  1977. A lso  shown a r e  areas t o  
be mined i n  t h e  near fu tu re .  T h i s  summary n i n e  map i s g i  ven as F i ~ u r s  3 . 
The assumed des i r a b l  e comun ica? lon  coverage area i s  _ai ven by 
- 1  crosshatch i ng on t h e  f  i gure. I ne i a t e r a  i haul ageway coverage area 
assumed was governed by c o m ~ n  i c a t  ions i n a l l f r e s h  a I r e n t r  t es, w i f h 
t h e  r e s u l t  
I45 f e e t  l a t e r a l  range i n  Sou?n Mains 
80 f e e t  laTera l  range i n  Nor th  Mains 
80 f e e t  l a f e r a l  range i n  sec t ions .  
- - - - 
The r e q u i r e d  area i n  s e c t i o n s  inc luded t h e  s i z e  o f  ?he room-and-p i l la r  
areas e d e n d i n g  about 400 feet  on e l t h e r  s i d e  o f  a c e n t e r  l i ne .  The 
acceptable l a t e r a l  ransa coverage i n  haulageways has been t aken  t o  be 
89 f e e t  i n  a i  i haulaseways, nominal 
65 f e e t  minimum 
;dote: t h e  65 f e e t  minlmlin ref:lxects t h e  rang6 
requ i  red  I e n t r y  removed f r o n  t h e  
conductor  e n t r y  as t h e  p i  1 l a r s  a t 9  
norni na l l y on 65- foo t  cenFers. 
Also shown on t h e  map a r e  r e c t a n g u l a r  areas showing rooms t o  be n ined 
( as o f  t h a t  da te  1 and dashed l i n a s  rep resen t ing  expecied f u t u r e  
ex tens ions  o f  t h e  AC power c a b l e  and beltways. 
The e x a c t  ope ra t i ona l  s t a t u s  o f  Lucerne $8 as o f  t h e  t l m e  o f  t h i s  w r i e l n g  
and t h a t  expected a t  a f u t u r e  t i n e  when demons?ration hardware w i l  I be 
avai  l a b l e  f o r  t e s t i n g  a r e  n o t  known. The 'fol lowing ana lys i s ,  t h e r e f o r e ,  
assumes a i l  dashed AC power cab le  and be l iway ex fens ions  t o  be a c i i v e .  
The a n a l y s i s  o f  V-6 and V-V Transmission i n  f h i s  mine a r e  i l l u s t r ~ t e c  
r e s p e c t i v e l y  i n  F isures  4 and 5 . The l a t e r a l  range p r e d i c t e d  a t  
se i  ected l o c a t i o n s  ad jacent  t c  t h e  coverage contours  anti esqecia I I y 
near t h e  ends o f  p a r t i c u l a r  power cab ls /be l tway  runs. 
The V-3 coverage l l l u s t r a t e s  t h e  p l acenent o f  Li ne An? l l f l er o r  Remote 
Base repea te rs  i o  g i  ve m i  ne-w i de coverage. 
S p e c i f i c  conc lus ions  a f f o r d e d  by t h i s  a n a l y s i s  inc lude:  
( 1  The maximum throush-tne-seam ( quasi -conductor- f ree ) 
range expecyea i s  iG5 n e t e r s  ( 354 f e e t  1. 
- 
(2) i f  ~ 0 t h  Radic T e r z i n a i  riemen?s o f  a p a i r  a re  c l o s e l y  
couplea TO C O ~ O U C ~ C T S ,  a??roximafe mine-wIde coverage 
i s expec9ed V-3, anti Ven i c u  i a r s  w i i i be ab I e To commm i c a i e  
w i t h  o t h e r  Ven ica ia rs  ( V-V o v e r  e i t h e r  t h e  Nor th  Mai ns 
o r  t h e  South bhai ns ereas w i t h o u t  repeaters.  
( 3) V-V coverage w l i hout  repeaTers w i t h  one rad l o  l oca ied  
.one m i r y  r e m v e a  f rom conauctors i s  1 i m i  Ted t o  about  
2500 f e e t  o r  less. 
( 4 )  V-V coverage w i t h o u t  repeaters  w i t h  bo th  r a d i o s  removed 
one e n t r y  f rom c o n d u c ~ o r s  i s  l i m i t e d  TO abou? lOOG f e e t  
o r  less. 
(5 )  With a Base S i a t i o n  a s s u n e ~  t o  be located i n  t h e  p o r i a l  
area, and TO ria i n t a  i n nomi na 1 one-entry-away coverage 
w i t h  veh ic les ,  a L ine  A z p l i f i e r  o r  a 3ernote Ease Rspezter 
i s  r e q u i r e d  2500 f e e t  away i n  t h e  Nor th  Pains and 3750 
f e e t  away i n  t h e  South Ekins. 
(6) w i t h  the repea te r  spacing o f  (51, a i a i e r a l  range i n  excess 
o f  80 f e e t  i s  assured ove r  a i  i hau lageway Vai ns, i n  excess 
o f  60 f e e t  a t  t n e  ena o f  a l l G u i t  Sec i i ons  ( Subtxa i ns 1 
panels, and i n  excess o f  50 f e e t  a t  t h e  extreme ends o f  
roomand-pi  l i a r  area assuming t h e  AC c a b l e  runs  t h i s  f a r  
( t h i s  should assure a t  l e a s t  60-65 f e e t  o f  l a t e r a l  r a n p  
a t  al  l secTion power c e n t e r  l o c a t i o n s  1. 
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3.0 MF SYSTEM DESIGN PRIt4ER 
The purpose o f  t h i s  sec t ion  i s  t o  prov ide the MF system design 
methodology i n  s u f f i c i e n t  d e t a i l  so t h a t  systems can be conf igured 
once p a r t i c u l a r  e  le ren ts  o f  r a d i o  equipment are  avai lable,  The 
methodology i s  placed i n  the  con tex t  o f  coa I mines; however, except 
f o r  deta i  I s  o f  system performance ana lys is  i nvo l v i ng  r ad io  propagation 
e f f ec t s ,  the  methodology i s  appl i cab le  t o  any type c f  mine. 
Because p a r t i c u l a r  r a d i o  elements f o r  MF systems a re  n o t  y e t  aval lable,  
the  f  unc t i  ona l charac te r i  s t i  cs o f  MF systems a re  descr i  bed gener lca l  l y  
r a t he r  than s p e c i f i c a l l y .  Th is  does no t  d i l u t e  the methodology but, 
ra ther ,  places the important  features and l  I m i  t a t i  ons o f  MF systems I n  
perspect ive.  A g reat  deal i s  now known about the  expected performance 
o f  MF systems i n  coal mines. Th is  sec t ion  should, indeed, prove 
inva l  uab l e  t o  po ten t i  a l  deve lopers and manufacturers o f  MF equi p m e n ~  
i n  the assessment o f  t h e  r e l a t i v e  i m ~ o r t a n c e  o f  p a r t i c u l a r  features 
and des i gn parameters. 
3.1 SYSTEM OPERAT I  ONAL REGU l  REMENTS 
3.1.1 REQUiREMENTS FOR COMMUNICATIONS 
A 1  I  underground coal  mines r equ i r e  large sca le  communications t o  f ac i  l  i t a f e  
e f f i c i e n t  mining operat ions.  To date, these communications cons i s t  
mostly o f  analog voice p lus  f i r e  con t ro l  moni tor ing o f  b e l t  haulageways. 
A t  a  m i  n  i mum, a  l l underground coa l m i  nes emp l oy baseband pager phones f o r  
sec t  i on-to-p l ace commun i c a t  i on s  ; the commun i c a t  i ons be i n  g genera l l y 
cen t ra  1 i zed a t  the " d i  spatcher 's"  center  ( usual l y  located underground 
near the  en t r y  p o r t a l ) .  Ebst DC mines c u r r e n t l y  errploy t r o l l e y  phones f o r  
"enroute" haulage and se rv i ce  veh ic le  t r a f f i c  con t ro l  and l o g i s t i c s .  Thc 
t r o l  ley phone i s  a low frequency r a d i o  ( general l y  ope ra t l  ng i n t h e  
88- 108 kHz frequency range by d i  r e c t  coup l  i ng o f  c a r r i e r  cu r ren t  i n t o  
t he  DC t r o l l e y  wire/DC bus v i a  the  veh icu la r  powering a n .  Newer AC nines, 
wh i le  n o t  exper iencing t h e  d i r e c t  haulage t r a f f i c  o f  o l d e r  DC mines 
w i thou t  be1 t haulage, have no means o f  m b i  l e  communications w i t h  
personnel c a r r i e r s (  man-tri ps 1, se rv i ce  vehic les,  and mobi l e  superv isory  
personnel underground, Often, t he  d i l u t e  pager phone system provldes 
f o r  phones near sec t ion  power centers, sec t ion  b e l t  headpieces, and a t  
major main/submain j u n c t i o n  po in t s  on ly .  
Add i t i ona l l y ,  newer AC mines o f t e n  employ extended working sec t ion  panel 
topo log ies  o f  up t o  3500 f e e t  ( room and p i l l a r  mining i n  length  hen 
the  headings are  f u l  l y  dr iven.  Sect ion mining operat ions i n  these long 
pane l s  o f t e n  i nc l udes the coord i n a t  i on o f - - a c t i v i  t i  es o f  ma i n t a  i nance/ 
support  crews and inspectors  by t h e  face boss i n  add i t i on  t o  the  face 
work crew. In  h igh-product ion room-and-pi l  l a r  mining and/or long wa l l  
mining using modern mini ng rnachi nes, even t h e  face crews a re  separated 
by d istances wel l  beyong t he  normal vo ice  o r  convenient walk ing range 
o f  t he  boss. There is ,  thus, a  need f o r  improved sec t ion  comrnunicaticns 
i n  these modern m i  nes. 
Use o f  med i urn frequency permi t s  w i r e  l ess commun i c a t  i ons t o  be 
i mp l  errtented i n  m i  nes. The d  i r e c t  rad i o-to-rad i o  range obta  1 nab1 a i s  
g r e a t e r  than t h a t  i n  any o t h e r  frequency range ( except, perhaps, f o r  
UHF a  long a l  arge smooth e n t r y  i n  h i  gh coa l  w i t h o u t  any bends/corners 1 
and does n o t  vary s i g n i f i c a n t l y  whether a long headings o r  c rosscu ts  
o r d  i agona l  l y  through coa l b  I ocks/p i  I l ars. Th i s  frequency range usage 
a l s o  enables t h e  most e f f i c i e n t  w i r e l e s s  c o u p l i n g  i n t o  e x i s t i n g  mine 
w i r i ng ,  
The p a r t i c u l a r  requirements f o r  communications vary  from mins-to-mine, 
b u t  g e n e r a l l y  i nc lude  t h e  f o l l o w i n g  whether t h e  mines a r e  AC o r  DC: 
Ha u  l ageway Coverage 
a  long ( w i t h  i n  one o r  more e n t r i e s  o f  1 t h e  major veh i cu  1 a r  
t r a f f i c  rou tes  through t h e  mine back t o  a c e n t r a l  communications 
cen te r  and/or back t o  major  producing o r  ma in ta in ing  areas o f  
t h e  mine, 
I n  AC m i  nes, v e h i c u l a r  coverage i s  requ i  red  a  long t h e  hau l ageway 
an i n t o  branches where veh ic les  a r e  parked wh i i e  men p e r f o r n  
mai n t a  i nance; and i s  a  l so requ i  red-  a  long t h e  b e l t  haul age e n t r y  
bo th  back t o  t h e  comnun i c a t i o n s  ( d i spa tche r  1 c e n t e r  and fc 
t h e  sect ions,  
General ly, vehickesr  o r  men c a r r y i n g  portable r a d i o s  can be 
expected t o  be w i t h i n  1-2 e n t r i e s  o f  mead tngs c o n t a i n i n g  mTne 
w i r i ng ,  
Sect ion  Area Coverage 
over  a l l  s e c t i o n  panel headings C i n c l u d i n g  r e t u r n  a i r  ) ,? [us  
r e c e n t l y  mined-out r o o m a n d ~ i  l  t a r  areas, p l u s  c u r r e n t  face 
areas. Often, t h e r e  w i  I l be no conductors forward o f  t h e  present  
s e c t i o n  power c e n t e r  l oca t ion ,  Usual ly ,  t h e  face i s  w i t h i n  about 
800 f e e t  o f  t h e  power c e n t e r  and t h e  room-and-pi l lar  areas i n  
which men may be expected t o  be found are  w i t h i n  about 1300 f e e t  
o f  t h e  power center ,  Toward t h e  subma i n  from t h e  power center ,  
t h e r e  w i l l  be a t  l e a s t  an AC power cable, a phone I lne ,  bel tway 
suppor t  and c o n t r o l / a l a r m  cab l i ng ;  and sometimes metal water  and/or 
rock  dus t  l i nes. Sec t ion  head i ngs se I dam exceed a f i ve-entry 
pa t te rn ,  so t h a t  a l l  l oca t i ons  a r e  u s u a l l y  w i t h i n  1-2 entries 
o f  mine w i r i n g  conductors. 
Loca l commun i c a t  i ons o v e r  t h e  s e c t  i on  area a r e  genera i l  y  requ i r s d  
p  l us d i s t a n t  commun i c a t i o n s  from t h e  s e c t  l on a  long hau l ageways 
and/or d i r e c t l y  back t o  t h e  d i s p a t c h e r  o r  t o  t h e  sur face.  
Ma i n t a  i nance Area Coverage 
f o r  s i  ng le-por ta l  ( o r  l a rge mines w i t h  several  wildel y  separaied 
po rba ls  1, t h e  main ia inance areas a r e  located undercorund near 
t h e  p o r t a  I. These a teas i nc l ude an e l e c t r i c a  I shop, a mechn i ca l 
shop, and one o r  more rooms f o r  personnel and veh ic les .  I n  punch 
mines o r  d r i f t  mines, t h e r e  may be no maintainance ( o r  l im i ted  
ma i n t a  i nance 1 underg rcund ; w i t h  these f  unc t  i on s be i ng 
located on t h e  sur face near each d r i f t  p o r t a l .  I t  i s  impor ian t  
t o  p rov ide  communications from t h e  d i spa tche r  l o c a t i o n  ( a t  
l e a s t  t o  these maintainanace areas and, i f  poss ib le ,  from 
t h e  major workings d i  r e c t  l y  t o  these mainta inance areas. 
R e m t e  l  nspect i  on Area Coverage 
Near ly  every o l  der  and/or l  a rger  underground coal  mine has 
f i xed areas, removed from a c t i  ve worki  ng areas and henca  fro^ 
e x i s t i n g  mine w i r i ng ,  r e q u i r i n g  p e r i o d i c  i nspec t ion  and/or 
mainta inace and from which cornmunications t o  t h e  d i spa tche r  
o r  t o  t h e  su r face  would be h i g h l y  des i rab le .  These inc lude:  
- Previous l y  m i  ned-out areas, genera l  l y be i  ng "b l ed-out" i n t o  
r e t u r n  a i r  
- Fresh a i  r escapeways n o t  a long major t r a f f i c  rou tes  
- l  so l  ated f r e s h  a i r vent  i l a t  i on boreho l es o r  exhaust r e t u r n  
a i r  vent  ho les  
- Areas toward t h e  end o f  p r e v i o u s l y  d r i v e n  main o r  submaln 
head i ngs t o  eventua l l  y  be extended i n  f u t u r e  m i  n  i ng opera t ions .  
Conmunication l i n k s  a r e  h i g h l y  desl .table between these i s o l a t e d  
areas o r  s p e c i f i c  l o c a t i o n s  and t h e  d i spa tche r  o r  t o  t h e  surface. 
These s i t u a t i o n s  requ i r i ng commun i c a t  Ions  a r e  i l  l u s t r a i e d  i n F i  gures 
3.1.2 AVAILABLE MF COMMUNICATION LINKS 
From t h e  requirements ou t1  ined i n  Sec t ion  3.1.1, t h e r e  a r e  t h r e e  major 
i dent  i f i ab I e t ypes  o f  w i re l ess  commun i c a t i o n s  needed i n underground 
coal mines. These t ypes  c o n s i s t  o f :  
Loca 1 area commun i c a t  i ons on i y 
Between crews o r  f u n c t i o n a l  ope ra t i ons  w i t h i n  crews I n  a g iven 
o p e r a t i n g  area such as a work ing s e c t i o n  panel ( o r  perhaps mare 
than  one work ing s e c t i o n  panel, i f  ad jacent  1, a long w a l l  sect ion,  
o r  a maintainance area t y p i c a l l y  near a p o r t a l .  Typ ica l  f unc t i ona l  
ope ra t i ons  i n  a convent iona l  room-and-p i l la r  s e c t i o n  i nc lude  
roo f  b o l t i n g ,  rock  dust ing ,  t imber ins ,  masonry c o n s t r u c t i n g  o f  
a i r  f l ow  b a r r i e r s ,  miner and s h u t t l e  c a r  opera t ing ,  and t i p p l e  
o p e r a t i n g  c o n t r o l l i n g  t h e  l oad ing  o f  coa l  from a s e c t i o n  beliway 
e i t h e r  o n t o  a submain b e l t  o r  o n t o  coa l  c a r s  ( i n c l u d i n g  t h e  
snapper 1. 
An ex tens ion o f  t h I s  t y p e  o f  corrmunicat~ons inc ludes t ransmiss fan 
between d i s t a n t l y  separeted loca l  areas. 
Comnunications between a  loca l  area and a c e n t r a l  undergr~und 
d ispatcher  o r  an operat ions cen te r  on t he  surface 
I n  a d d i t i o n  t o  working areas described above are remote 
inspect ion areas. I n  case o f  a  major l o g i s t i c s / r e p a i r  problem 
o r  o f  a  heal t h / sa fe t y  problem, a  d i  r e c t  l i nk t o  t h e  cen t ra l  ized 
l oca t i on  i s  required. 
Comnun i ca t i ons  f rom loca l  areas o r  from t h e  cen t ra  l d  i spatcher 
t o  mobile u n i t s  enroute o r  worktng along major a r t e r i a l  
haulageways i n  t h e  m i  ne. 
Included here as mobile u n i t s  a r e  haulage t r a i n s ,  supply t r a i n s ,  
se rv i  ce/ma i n t a i  nace veh i c l  es and crews, i nspectors, and a t - l  arge 
supervi sory personnel . 
The loca l  area comun ica t ions  are  accomplished e i t h e r  d i r s c t l y  us ing 
through-the-coal-seam r a d i o  t ransmiss ion o r  e l se  v i a  c a r r i e r  cu r ren t  coup l ing  
i n t o  t h e  e x i s t i n g  m e t a l l i c  conductors which are  usua l l y  r a t h e r  densly 
d  i s t r i  buted over these worki ng areas. Most o f ten,  the  cornmunicaiions can 
be accomplished v i a  t ransmiss ion between po r t ab le  rad ios  and/or between 
veh icu la r  rad ios  o n l y  w i t h  a i d i n g  e l e c t r o n i c s  such as repeaters o r  l i n e  
extenders no t  bei  ng requi  red. Occasional l y, such as i n  I.arger-tnan-usua I 
room-and-pi l  l a r  mining areas o r  between nearby mined areas r e q u l r i n s  
inspect ion and cu r ren t  face areas, t h e  use o f r e p e a t e r s o r  l i n e  extenders 
t o  a  i d  commun i c a t  i onsarea coverage w i l I be requ i  red. 
The medium a f f e c t i n g  longer d is tance t ransmiss ion requ i red f o r  communicaiing 
from loca l  areas t o  a  cen t ra l  d ispatcher  o r  from e i t h e r  o r  these t o  mobi le 
u n i t s  i s  v i a  purposeful coup1 ing i n t o  e x i s t i n g  mine w i r ing .  Considering 
t h e  d i l u t e l y  d i s t r i b u t e d  conductor ensembles normal ly  encountered i n  AC 
mines, t he  t ransmiss ion medium i s  v i a  e i t h e r  t h e  mono f i l a r  m d e  along 
t h e  AC power cab le  o r  a long the  phone l i n e  ( co -d i rec t iona l  cu r ren t s  
exc i t ed  i n  each o f  t h e  conductors) o r  b i  f i l a r  mode t ransmiss ion a long 
t h e  phone l i ne .  Other modes a re  poss ib le  between these conductors, bu t  
these a re  t h e  predomi nant  ones i n  AC mines. I n  DC mines, t h e  complex 
conductor ensemb l es i nc l ude t he  t rack ,  t h e  DC t r o  I l ey w i re, t h e  DC feeder 
bus, and t h e  ground r e t u r n  bus. Often, t he  e x c i t a t i o n  o f  extraneous rnu l t l -  
conductor modes w i l l  cause n u l l  areas i n  f i e l d  s t r eng th  r a d i a t i o n  a long 
these ensembles and j u n c t i o n  e f f e c t s  w i l l  cause unequal c u r r e n t  s p l i t  
( s  i anal "suck-out" i f  t h e  c u r r e n t  goes t h e  wrong d l  r e c t i o n  ) a t  these 
junct ions.  Primary cons ide ra t ion  f o r  the  remainder o f  t h i s  sec t lon  w i l l  
be g iven t o  t he  s imple AC power cable/phone l i n e  geometries o f  AC mines as 
these are  t h e  most p r e v i a l e n t  I n  t r a c k l e s s  haulage app l i ca t ions .  
To assure t h e  longest  d is tance transmission underground, t h e  loca l  area- 
to-d ispatcher  communications i s  accornplised by coup l ing  t o  t h e  b i f i l a r  
phone l i n e  mde, Th is  may be accomplished i n  several ways, as w i l l  be 
discussed l a t e r  i n  t h i s  sect ion.  Once coupled t o  t h e  phone 1 i ne  I n  t h e  
normal b i f i l a r  mode ( b i d i r e c t i o n a l  cu r ren t s  i n  each conductor 1, t h s  
s igna l  cu r ren ts  can t r a v e l  long d is tances w l t hou t  being s t r ong l y  
in f luenced by t h e  p rox im i t y  o f  o t he r  nearby conductors. I f  t h e  e x i s t i n g  
pager phone l i n e  l i n e  i s  used, t h e  s i gna l s  w i l l  be in f luenced by the  
loads and junct ions;  however, these a re  more p red i c t ab le  than t h e  m n o f  i l a r  
m d e  e f f e c t s  by far.By t h e  same token, o n l y  a l  i t t l e  r a d i a t i o n  w i  l l 
occur  from a phone l i n e  c a r r y i n g  t h i s  m d e  so t h a t  o n l y  minimal 
w i r e l e s s  c o u p l i n g  can occur  t o  nearby r a d i o s  n o i  d i r e c t l y  t e r m i n a t i n g  
t h e  l i n e .  D i r e c t  r a d i a t i o n  f rom t h e  b i f i l a r  mode may be usable 
w i t h i n  t h e  ent ry (head ing1 c o n t a i n i n g  t h e  phone l i n e  w i t h  t h e  o p e r a t i o n  
be ing  analogous t o  low-frequency leaky feeder opera t ion .  T h i s  r a d i a t i o n  
occurs o n l y  due t o  l i n e  unbalance; it i s  p o s s i b l e  t o  enhance t h i s  
r a d i a t i o n  a t  c e r t a i n  p r e f e r r e d  l o c a t i o n s  w i t h  mode conver te rs  o r  w i t h  
balanced loop antenna r a d i a t o r s .  
For t h e  l oca l  a r e a k e n t r a l  d i s ~ a t c h e r - t o - m o b i l e  u n i t  t ransmission,  
p o r t a b l e  and/or vehicu t a r  r a d i o s  must be a b l e  t o  coup le  i n t o  t h e  m1 ne 
w i r i n g  i d e a l l y  up t o  1-2 e n t r i e s  away. T h i s  t ype  o f  cornmunicatlon 
depends on t h e  m n o f o l a r  m d e ( s )  t ransmission.  I n  AC mines, t h e  e f f e c t  
o f  branching and/or s tand ing waves on AC power cable/phone l i n e  conductor  
ensembles i s  p r e d i c t a b l e .  I n  l a r p e  mines, t h e  p r i n c i p a l  m n o f I l a r  
conductor  which i s  t h e  AC power cab1 e  may be p a r t i t i o n e d  i n t o  m r e  i h a n  
one power g r i d .  T h i s  e i t h e r  l o c a l i z e s  t h e  e x t e n t  o f  t h i s  t y p e  o f  
c o m u n i c a t i o n s  o r  e l s e  r e q u i r e s  a b r i d ~ i n g  between these g r i d s  TO be 
accompl ished. 
The o  p e r a t  i ona l commun i c a t i  ons requ i rements i n  underground m i  nes and 
t h e  a v a i l a b l e  corrmunication l i n k s  t o  s a t i s f y  these requirements a t  
med i urn frequency def i ne t h e  na tu re  o f  t h e  system e l  e w n t s  and gener i c '  
groupings o f  e l e m n t s  compr is ing  t h e  c o n f i g u r a t i o n  a r c h i t e c t u r e  and 
o p e r a t  i ng methodology o f  MF systems. 
3.2 SYSTEM ELEEllENT OPERATI NG DESCR l PT l ON 
3.2.1 SYSTEM ELEMENT DESCRITION 
Th is  s e c t i o n  de f ines  t h e  system elements, key gener ic  groupings o f  elements, 
and i den t i  f i es t h e  e l  ement/el ement group i nos w i t h  p a r t i c u  I a r  comnun i c a t !  on 
requirements and w i t h  a v a i l a b l e  l i n k  c h a r a c t e r i s t i c s .  The system elements 
c o n s i s t  o f  
Radio Terminal E l e m n t s  
Repeater E l  ements 
L i  ne Extender E l  e m n t s  
The b a s i c  Radio Terminal Elements c o n s i s t  o f  personal man-carded 
p o r t a b l e  r a d i o s  ( h e r e a f t e r  ca l  l ed "Portables1' 1, veh l c u l  a r  mounted red i o s  
( h e r e a f t e r  c a l  led  "Vehiculars"  1, and base s t a t i o n  r a d i o s  ( h e r e a f ~ e r  
cat l ed  "Base S ta t i ons "  1. Both Por tab les  and Veh icu lars  have t h e [  r own 
spec ia l  antennas whose designs form an i n t e g r a l  p a r t  o f  t h e  element design. 
The Portab l es a r e  presumed t o  be powered f rom the1 r own I n tegra  l 1 n t r i  ns i  ca l i y  
sa fe  b a t t e r y  suppl ies. The Vehicul a r s  a r e  presumed t o  be powered fmrn  he 
v e h i c l e  b a t t e r y  or ,  o p t i o n a l t y ,  f rom a separate i n t r i n s i c a l l y  sa fe  
b a t t e r y  supply. A l  l Radio Terminal Elements p v i d e  f o r  s implex  and hat f -  
dup lex  opera t ion .  
Considerable e f f o r t  has been expended toward i n d e n t i f y i n g  p r a c t i c a l  
po r tab le  r a d i o  packages i n  recent  years and two candidate packages have 
emerged. Both o f  ihese have evolved from the  cumbersome South A f r i can  
( ECAt4 ) and Co l l i ns FM proto type packages rh i ch were very s i m i  l  a r  and 
genera l l y  unsa t i s f ac to r y  f o r  use i n  coal  mines. These t h ree  package 
types a re  i l  l us t ra ted  p i  c t o r a  l l y  i n  Fl gure 6 . Veh i cu l  a r  rad l o  packages 
a re  presumed t o  be very simi l a r  t o  the i r o l  ley phone packages c u r r e n t l y  
a v a i l a b l e  i n  t h e  marketplace, w i t h  t h e  except ion o f  t h e  antenna. Previous 
pro to type veh i cu l  a r  GF rad ios  have no t  been bu i l t. The t y p  i ca I  veh i cu l a r  
rad i o  package concept and antenna a re  i l  l us t ra ted  1 n  Fi gure 7 . Prototype 
veh icu la r  antennas have been b u i l t .  
The Base S ta t i on  package i s  presumed t o  be t a b l e  mountable and o f  s i z e  
and conf i ~ u r a t i o n  very simi l a r  t o  VHF o r  UHF land mobi l e  u n l t s  c u r r e n t l y  
ava i lab le .  Terminations f o r  t h e  base s t a t i o n  package a re  varied;but, a t  
a minimum w i  l  l  I  i k e l y  inc lude t he  f o l  lowing: 
8 A la rge  s ing le - tu rn  base s i a t i o n  antenna tuned t o  a s i n g l e  
frequency 
A mu l  t i  - t u rn  l w p  des i gned f o r  permanent c  lose-proxi m i  t y  mount i ng 
t o  conductors as a  c u r r e n t  t ransformer f o r  exci  t i  ns monof I l a r  
c a r r i e r  cu r ren t  i n  these conductors; t h i s  loop being tunab le  to 
m r e  than one frequency. O r ,  a l t e r n a t i v e l y ,  a ferromagnetic 
( Magnetic d i po l e  gener ical  l y  siml l a r  t o  t h e  h o i s t  r a d i o  
. couplers whichmay be permiss ib le  f o r  use ( by MSHA i n  c e r t a i n  
i n s t a l  l a t i o n  s i t ua t i ons ;  a l s o  t u n a b l e b  more than one.frequency. 
One o r  m r e  ba l anced phone l  i ne termi nat ions 
Note: a d d i t i o n a l l y ,  a  combined cu r ren t  t ransformer and antenna 
te rm ina t ion  w i l l  probably be requ i red i n  most Installations, 
employing a  power s p l i t t e r  t o  d i v i d e  the  two, Also, a base 
S t a t i o n  should prov ide f o r  both separate and combined 
t r ansm i t  and rece i  ve te rm ina t ions  on t he  package. 
The Base S t a t i o n  i s  presumed t o  be powered from a 1 10 VAC l ine; or ,  
a l t e r n a t i v e l y ,  d i r e c t l y  from a  b a t t e r y  power supply. The Base S t a t i o n  
and i t s  te rm ina t ion  op t ions  i s  i l l u s t r a t e d  i n  Figure 9 . 
The bas ic  Repeater Elements are  o f  t h e  conversIon/remodulat lon type ( t o  
be d i f f e r e n t i a t e d  from Ac t i ve  L ine Extenders 1, each cons Is t lng  o f  a 
rece i  ver  and t r a n s m i t t e r  opera t i  ng a t  d l  f f e r e n t  frequencies p i i s  con t ro l  
c i  r c u i  t r y .  These e l  emsnts c o n s t i t u t e  severa l gener ic group1 ngs accordi  ng 
t o  t he  t ype  o f  comnunicat im l i n k  be ing usedand t h e  p a r t i c u l a r  
communication requirements be ing served. The i nd i v i dua l  element g r o u ~ i n g s  
fo, be  discussed i n  t h e  paragraphs t o  fo l l ow cons i s t  o f :  
Remote Ease S t a t i o n  
L ine Amp l i f i e r  



























































































































A l l  Repeater Elements zprov ide f o r  t h e  ha l f -dup lex  mode o f  ope ra t i on  
( as opposed t o  f u l l - d u p l e x  1 which, i n  c e r t a i n  o f  t h e  above configurations, 
compl icates t h e  t e r m i n a t i o n r i n t e r f a c e s  b u t  which prov ides  f o r  t h e  m r e  
c o s t  e f  f e c t i  ve des i gn through requ i r i n g  on l  y  about ha l  f t h e  hardware. 
The Remote Base prov ides  phone l i ne  te rmi  n a t i o n  o f  one l i n k  end w l  t h  
c o n t r o l  emanating d i r e c t l y  f rom t h e  c e n t r a l l y  located Base S t a t i o n .  Th is  
t y p e  o f  repea te r  se rv i ces  t h e  l o c a l  area- to-centra l  d i spa tche r  t y p e  o f  
communications, Generical ly,  i t  s imply  p r ~ v l d e s  t h e  means o f  l n t e r f a c i  ng 
t h e  b i f i l a r  m d e  phone l i n e  and w i r e l e s s  t rans rn~ss ion /mono f I l a r  c a r r i e r  
c u r r e n t  med i a w i t h  amp l  i f i ca t ion .  I n  some app l i c a t  i ons, t h e  Remote 3ase 
f u n c t i o n  cou ld  be served pass ive l y  us ing  made conver te rs  a t  2 g iven  
des i red  l o c a l e  t o  conver t  t h e  phone l i ne  b i f i  l a r  mode t o  t h e  m n o f i  l a r  mode. 
I  n  i t s  m s t  s o p h i s t i c a t e d  form, t h e  Remote Base conver ts  a b d i o  Term1 na l 
Element MF frequency t o  a  lower frequency f o r  t ransmiss ion  over  t h e  phone 
l i n e  ( and v i s a  versa 1 ; and, also, p r o v i d e s t h e  t r a n s m i t t e r  and aud io  
s lope  c o n t r o l  t o  enable s imu lcas t  t ransmiss ion  from t h e  c e n t r a l  Base S t a t i o n .  
A Remote Base i s  envi  s  ioned f o r  use as fo  l lows: 
To be located a t  o r  near a  s e c t i o n  panel b e l t  head p iece  c o u p l i n g  
i n t o  t h e  b e l t  d r i v e  AC power cab le  segment; or ,  a t  t h e  AC power 
cab le  j u n c t i o n  sw i t ch  o r  bel tway f i r e  z la rm cab le  j u n c t i o n  j o i n i n g  
m r e  than one work ing  s e c t i o n  panel so as t o  d e f i n e  a s i n g l e  la rge 
and con t  i guous opera t  i ng area 
To be located so as t o  couple i n t o  anAC power g r i d  presumed f o  be 
i s o t a t e d  from t h e  g r i d  i n  t h e  imnediate v i c i n i t y  o f  t h e  c e n t r a l  
Base S t a t i o n  l oca t ion ;  thus, p rov i  d i  ng t h e  b r i d g e  between i so l  ated 
power g r i d s  w i t h  t h e  connect ion  be ing  a t  t h e  Base S t a t i o n  
@ To serve as t h e  Base S t a t i o n  f o r  -one o f  two o r  m r e  separafe 
mining opera t i ons  served from t h e  same c e n t r a l  d i spa tch  o r  ope ra t i ons  
c e n t e r  
I  n  i t s  si'mp l e s t  a c t i  ve form, t h e  repea te r  cou l d t r a n s l  a t e  MF t o  baseband 
aud io  thus  i n t e r f a c i n g  w i t h  ( b u t  a l s o  competing w i t h  1 an e x i s t i n g  pager 
phone system, 
I  n  instances where " leaky Feeder" o p e r a t  Ion o f  t h e  phone l i ne a t  a  h i  gher 
t r a n s l a t i o n  frequency ( presumed t o  be compat ib le  w i t h  For-table and Veh icu lar  
MF f requencies 1 i s  n o t  desi red,  t h e  use o f  a  separate above-base-band 
t r a n s l a t i o n  frequency cou ld  p r o v i d e  essent ia  l l y  p r i  v a t e  l i ne communications 
t o  t h e  sur face.  
I n  i t s  s imp les t  passive form, s imple  passive c i r c u i t s  a re  c l i p p e d  on fo  t h e  
e x i s t i n g  phone l i n e  t o  a f f e c t  mode convers ion i n  a given locale;  o r  else,  
a balanced antenna i s  connected t o  t h e  phone l i n e  a t  t h e  des i red  locat lon .  
Termi n a t i o n s  t o  t h e  a c t i  ve Remote Base package I n c l  ude t h e  phone l i ne 2nd 
a c u r r e n t  t rans former  j o i n t l y  b r idged t o  both  t h e  t r a n s m i t t e r  and 8ece iver  
( o r  c u r r e n t  t rans former  p l u s  an antenna 1 f o r  coup l i n s  i n t o  t h e  l oca l  
area mine w i r i ng .  The a c t i v e  Remote Base i s  presumed t o  be powered from 
t h e  b e l t  d r i v e  power source w i t h  f l o a t i n g  b a t t e r y  backup. 
Possi b l  e  i rnp lementat i on o f  t h e  Remote Base i s l l 1 u s t r a t e d  i n  F i  sure 9 . 
The L ine  A r n ~  1 i f  i e r  p rov i  des a "boost" i n  t h e  m n o f  i l a r  c a r r i e r  c u r r e n t  
s e r v i  ng t h e  loca l  a rea/cent ra  l d i watcher-to-mob i l e  un i t  type o f  
commun i ca t ions .  Both l i n k ends a re  c u r r e n t  t rans former  coup led 1 n t o  
t h e  m n o f  i l a r  conductor v i a  separate t rans formers  f o r  t h e  rece i  ve and 
t r a n s m i t  inputs ;  a l t e r n a t e  t rans former  coupi i no i n t o  t h e  S l  f  i l a r  phone I i ne 
t o  a m p l i f y  long t ransmiss ions  between loca l  areas i s  a l s o  poss ib le .  
The L ine  A m p l i f i e r  i s  used i n  long monofi l a r  runs which would normal ly  
exper ience h i g h  mode a t tenua t ion ;  o r  e lse,  f o l  lowing j u n c t i o n  p c i n i s  
exper ienc ing unusua l ly  h igh  s p l i t t i n g  loss. I n  long b i f l i a r  runs, t h e  L ine  
Amp1 i f i e r  p rov ides  frequency compat ib i  l i t y  w i t h  L ine  Couplers a t  t h e  l i n k  ends. 
I  f  t h e r e  i s a reason t o  enhance t h e  w i r e  I  ess coup l  i ng range t o  t h e  
rnonofi l a r  conductor i n  t h e  immediate v i c i n i t y  o f  t h e  L ine  A m p l i f i e r ,  
loop antennas may be br idged w i t h  the  c u r r e n t  t rans formers .  I f  used, 
these antennas shoul d be o r i e n t e d  so as t o  min imize d i r e c t  coup l  i ng 
back i n t o  the  m o n o f i l a r  conductor and between each o ther .  
The L i  ne Amp l  i f i e r  i s presumed t o  be located near a l oca l  permanent 
power source; t h  i s source t o  be used w i t h  f  l o a t i  ng b a t t e r y  backup, 
Implementat ion o f  t h e  L i n e  Amp1 i f i e r  i s  i l  l u s t r a t e d  i n  F igu re  ' 3  . 
The L ine  C o u ~ l e r  p rov ides  an a i d  i n  w i r e l e s s  r a d i o  coup l i ng  a t  a 
p a r t  i cu  l  a r  l o c a t i o n  t o  t h e  monof i l a r  mode, reduci  ng t h e  coup I  i ng 
loss  from r e m t e  l  y  l  ocated Portab l e  o r  Veh i c u  I  a r  rad i 0s. Thi s w i 1 l 
r e s u l t  i n  ach iev ing  t h e  f u l  l quasi-conductor- f ree communication range 
away from t h e  conductor  r a t h e r  than t h e  s h o r t e r  range t o  accomodzte 
t h e  f i e l d  c o u ~ l i n g  loss  mechanism. A l t e r n a t i v e l y ,  t h e  L ine  Coupler couples 
t o  t h e  phone l i n e  b i f i l a r  mode t o  enable t ransmiss ion  between d i s t a n t  l oca l  area 
The t e r m i n a t i o n  f o r  one l i n k  end i s  a c u r r e n t  t rans fo rmer  whicn prov ides  
maximum coup I  ing  t o  t h e  conductor.  The te rmi  n a t i o n  f o r  the  o t h e r  l i n k  
end i s  a l a r g e r  base s t a t i o n  t ype  antenna. Of course, t o  make t h i s  a 
ha l f -dup lex  b i d i r e c t i o n a l  repeater ,  bo th  t h e  t r a n s m i t t e r  and r e c e i v e r  
must be br idged across each l i n k end te rm i  na t ion .  The ti ne Coup l e r  
operates e s s e n t i a l l y  i d e n t i c a l l y  t o  a L i n e  A m p l i f i e r  i n  which t h e  
l oca l  communication range has been extended through t h e  use o f  antennas. 
Opt iona l  ly,  t h e  antenna l i n k  end o f  t h e  t i n e  Coupler can be renoted 
th rough a long length  o f  coax ia l  cab le  t o ,  say, t h e  cen te r  o f  an 
o p e r a t i  ng area somewhat removed from t h e  neares t  conductor g r i d .  Thi s 
o p t  i on  forms a v a r i a t i o n  o f  t h e  A c t i  ve L ine  Extender t o  be d 1 scussed 
l a t e r  i n  t h i s  sec t ion .  
Aga i n, t h e  L i  ne Coup l e r  i s presumed t o  be powered f rom a l oca l permanent 
power source w i t h  f l o a t i n g  b a t t e r y  backup. 
Opera t i ona l l y ,  t h e  L i n e  Coupler i s  expected t o  be used I n  developing 
mine areas o f  l a rge  e x t e n t  beyond t h e  neares t  AC power cen te r  o r  s e c t i o n  
phone; o r  i n  c e r t a i n  arsas a long haulageways i n  which opera t i ons  ( such 
as a l o g i s t i c a l  s t a g i n g  area 1 a r e  removed from t h e  neares t  conductor; 
o r  t o  p r o v i  de commun i c a t  i ons f torn be1 h a y s  i n w i de nu l t i p l e-entry ma i ns 
o r  subrnains ( say, 12-14 e n t r i e s  wide 1 r e q u i r i n g  p e r i o d i c  maintalnance 
and/or i nspec t ion  where t h e  bel tway i s  several  e n t r i e s  removed from t h e  
































































































































































































































Implementation o f  t h e  L ine  Coupler i s  i l l  us t ra ted  i n  F igure  ! I . 
The Remote Repeater provides extension o f  loca l  area quasi-conductor- 
f ree  range between For tab les  and Vehiculars se rv ing  t h e  loca l  area 
coverage on l y  type o f  communications, The Remote Repeater does no t  
necessari l y  t i e  d i r e c t l y  i n t o  any e x i s t i n g  mine w i r i n g  g r i d .  A p a r t i c u l a r  
a p p l i c a t i o n  where i t  does t i e  i n t o  a g r i d  through f i e l d  coup l ing i s  
associated w i t h  sec t ion  communications where t h e  power center  and/cr 
b e l t  i s  moved o f t en  and i t  i s  des i red t o  have a semi-permanent repezter  
which does n o t  depend on p a r t i c u l a r  conductor locat ions.  Norma l l  y, 
a Remote Base w i  l 1 enab l e sec t  ion-wi de "area coverage" o f  a panel 
i n c l ud i ng  t h e  face i f  t h e  face i s  w i t h i n  a few hundred f ee t  o f  t h e  
conductors. I n la rge sca l e  roomand-p i I l a r i  ng, where t h e  face may be 
located 700-800 f e e t  from a conductor o r  where func t iona l  crews may be 
working over an extended area o f  about t h i s  same size,  t h e  use o f  both 
a Remote Base and. a Femote Repeater may be requi  red t o  provi'de sect lon-  
wide coverage. 
The Remote Repeater l i n k  end terminat ions a re  both antennas w i t n  t h e  
t r a n s m i t t e r  being connected t o  one antenna and w i t h  t h e  r ece i ve r  being 
connected t o  the o ther .  The two antennas can be co-located and o r ien ted  
orthogonal t o  one another t o  ob ta in  increased i so l a t i on .  Th is  w i l l  
permi t  rece ive  opera t ion  down t o  the  f u l l  se t -no ise- l imi ted r ece i ve r  
no ise f l o o r  using a large base s t a t i o n  t ype  antenna on t h e  rece ive r .  
A l t e rna t i ve l y ,  i n  areas no t  so q u i e t  o r  w i t n  excep t iona l l y  c lean rad io  
design, a commn s i n g l e  antenna could be employed. 
The Remote Repeater i s  presumed t o  be powered from a rep lacab le  
i n t r i  ns ica l l y  safe b a t t e r y  supply. 
lmolementation o f  the Remote Repeater i s  [ I 1 us t ra ted  i n  F i  sure 12 . 
The bas ic  L ine Extender Elements are  used t o  extend t he  e x i s t i n g  mine 
w i r i ng o r  t o  b r  i dge between i so l  ated m i  ne w i r I ng g r i  ds on a semi -permanent 
bas is  where t h e  cost/complexi t y  o f  a s u l t a b l  e ~ e ~ e a t e r  Element i s  no t  
j u s t i f i a b l e ,  I n  p a r t i c u l a r ,  L ine Extender Elements can be considered as 
meeting repeater  t ype  requirements i n  cases where so much I s o l a t i o n  
exi  s i s  between l i nk ends t h a t  a "s i ng I *frequency repeater"  can be used. 
L ine Extender Elements a re  comprised o f  
Pass i ve L i  ne Extenders 
Act  i ve L i  ne Extenders, 
Ac t i  ve L i  ne Extenders may be thought o f  as be i  ng s i  m i  l a r  t o  one-way 
CATV/CCTV l i ne amp l i f i e r s  where two separate 1 i nes a re  requi  red t o  
prov ide b i d i r e c t i o n a l  service. Ac t i ve  o r  Passive L ine  Extenders p rov ide  
" l i n k "  o r  "loop" coup l ing by v i r t u e  o f  being l i k e  a length o f  coax w i t h  
an antenna on each end.The lmplementatIon o f  L ine Extender elements I s  








































































































































































































































































A Passive L ine  Extender i s  env is ioned t o  c o n s i s t  o f  a c u r r e n t  
t rans fo rmer  on one end ( coup l i ns i n t o  t h e  monof i l a t  conductor 1 and 
a l a rge  base s t a t i o n  antenna on t h e  o t h e r  end; t h e  ends be ing j o i n e d  v i a  
a p iece  o f  coax. A l t e r n a t i v e l y ,  t h e  c u r r e n t  t rans fo rmer  cou ld  be 
replaced w i t h  a balun t rans fo rmer  d i r e c t l y  coup l i ng  i n t o  t h e  b l f i  l a r  
mode o f  a phone l i n e ,  I n  some mines w i t h  s h o r t  i s o l a t e d  work ing sect ions,  
a Passive L ine  Extender may be a l  l  t h a t  i s  requ i red  t o  p rov ide  t h e  
l oca l  area- to-centra l  d i spa tche r  t ype  communications i n  l i e u  o f  t h e  
use o f  a Remote Base and p o s s i b l y  a Remote Repeater, 
A c t i  ve L i n e  Extenders a r e  formed from Passive L i n e  Extenders by p l a c l n s  
a d i r e c t i o n a l  tuned a m p l i f i e r  i n  t h e  coax I l n e ,  Two such l i n e s  a r e  
requ i red  t o  p rov ide  b i d i r e c t i o n a l  serv ice.  The a m p l i f i e r ( s )  I s  presuned 
t o  o b t a i n  power from t h e  coax, t n e  conductor  end o f  which I s  t l e d  i n t o  
a permanent power source. A l t e r n a t  i ve l  y, i n t r  i ns i ca I l  y sa fe  rep l  acab l e 
( rechargab le  b a t t e r y  power supp l i es  cou ld  be used, 
3.2.2 SYSTEM ELEMENT FUNCTIONS 
T h i s  s e c t i o n  prov ides  f u n c t i o n a l  b l o c k  diagrams o f  t h e  elements w i t h i n  
each system element grouping and a gener ic  d i scuss ion  o f  t h e i r  ope ra i l on ,  
Key des i gn consi  de ra t i ons  a r e  poi  n ted o u t  t o s e t h e r  w i t h  an o u t  l i ne o f  
design a l t e r n a t i v e s ,  
To f a c i l i t a t e  understanding o f  system elemeni opera t ion ,  t h e  use o f  
separate t r a n s m i t  and r e c e i v e  m d u l e s  i s  made and a separate T/ii sw i f ch  
i s  shown. T h i s  fo rm i n  no way i s  .meant t o  impose design l i m i t a t i o n s .  For 
example, t r a n s m i t  e x c i t a t i o n  and r e c e i v e  t u n i  ng/mixi ng cou ld  very we1 1 
share a commn frequency senera t ion  scheme and c o n t r o l  scheme, e tc .  For 
s i m p l i c i t y ,  power sources a r e  de le ted  from t h e  diagrams, C e r t a i n  p r e f e r r e d  
aspects o f  o v e r a l l  system design w i l l  be pos tu la ted  i n  t h i s  sec t i on  ir, 
areas where p r i o r  exper ience o r  obvious advantages show these aspecrs t o  
be t h e  l o g i c a l  choice. A compiete t rea tment  o f  p r e f e r r e d  system design 
func t ions ,  features, and parameters w i  l  l  be g iven i n  t h e  next  two subsect ions.  
A f u n c t i o n a l  b lock  diagram f o r  t h e  Base S t a t i o n  i s  g iven i n  F igure  1 2  . . 
Opera t ing  system assumptions made i n  t h i s  diagram inc lude:  
Mu l t i p l  e  frequency o p e r a t i o n  o f  t h e  t r a n s m i t t e r  
S i n g l e  o r  m u l t i p l e  frequency o p e r a i i o n  o f  t h e  r e c e i v e r  
P r o v i s i o n s  f o r  more than one Remote Base l i n k  f o r  l oca l  area-to- 
c e n t r a l  d i spa tche r  communicatlons; each l i n k  w i t h  a separate 
r e c e i v e  audio c i r c u i t  
S i n g l e  frequency ( s impiex 1 ope ra t i on  l o c a l l y  t o  t h e  aase Sta t ion ;  
a single-tuned-frequency base s t a t i o n  antenna 
* Requi rement f o r  remote t u n i n g  ( s w i t c h i n g  1 o f  t h e  c u r r e n t  t rans former  
f o r  c e n t r a l  d ispatcher- to-mobi le u n i t  communications v i a  t h e  





















































































































































I t  w i l  l  be important  t o  separate Remte  Base and Centra l  d i soatcher-to- 
mob i l e  u n i t  comun i c a t i o n  l inks. Separate loudspeaker outputs  f o r  these two - -  
l i n k s  a re  pre fer red;  however, I n  a  s i m p l l f l e d  system implementation, 
a  s i n g l e  speaker w i t h  a  v i sua l  i n d i c a t o r  as t o  which type ( mode 1 o f  
communications i s  a c t i v e  would s u f f i c e  f o r  low t r a f f i c  dens i t y  app l i ca t ions .  
From t h e  Base S ta t i on  p o i n t  o f  view, t h e  s imples t  Remote Base In terconnect ion 
i s  a  d i r e c t  te rm ina t ion  o f  the  phone l i n e  t o  t h e  sw i t ch  ma t r i x  w l t 5  t h 9  
s igna l  and con t ro l  l i n k  belng baseband. From t h e  Remote 3ase p o i n t  o f  view, 
t h e  s imples t  implementation would i nvo l ve  passive recep t ion  and b l f i  l a r  
mode conversion o f  t h e  d  i r e c t  MF t r ansm i t  frequency; say, t he  same frequency 
as i s  normal ly  received by t h e  Base Sfat ion.This second s i t u a t i o n  would 
requ i  r e  t h a t  t h e  T/R I nter face/Transl  a t o r  be anothee-Rx i b d u l  e and w l i h  
amode se lec to r  sw i t ch  on the  con t ro l  panel t o  r ou te  t he  Tx kbdule ou tpu t  
t o  t h e  phone l i n e .  A l t e rna t i ve l y ,  t h e  T/R In te r face /T rans la to r  could 
be a s i  mp l e  frequency conver ter  w i t h  a  means provided t o  key the  Remte  Sase 
transmi t t e r ;  t h e  convers i on frequency be i ng above baseband. Th i s frequency 
would probably be chosen e i t h e r  t o  be " j u s t  above baseband" i n  t n e  10 's  
o f  kHz range t o  minimize t ransmiss ion loss; o r  e l  se, a t  some o the r  MF 
frequency compati b l e  w i t h  t he  For tab les /Vehicu lars  so t h a t  leaky wave 
operat ion along t h e  phone l i n e  runs cou ld  be obtained. 
For maximum coupl ing e f f i c i e n c y ,  t he  t un i ng  f o r  t h e  cu r ren t  t rensformer 
should occur a t  t h e  t ransformer r a t h e r  than w i t h i n  t h e  Base S t a t i o n  
enclosure. Th is  w i l l  r equ i r e  a  tune l i n e  between t h i s  enclosure and tne 
t uner  , , .  
A s i n g l e  b lock  diagram f o r  t h e  Por tab le  and Vehicular  r ad i o  opera t ion  i s  
g iven i n  F igure  15 ; the  veh icu la r  antenna connection beins shown. The 
major d i f fe rences  between Por tab le  and Vehicular  r ad i o  implementations 
inc lude:  
The veh icu la r  antenna i s  separate ( n o t  at tached d i r e c t l y  t o  t h e  
Vehicu lar  r a d i o  enclosure 1 thus r e q u i r i n g  a  50-ohm in te r face  t o  
permi t  in terconnect ion v i a  a  sho r t  length o f  coax ia l  cable. The 
Por tab le  antenna i s  at tached d i r e c t l y  t o  t h e  Por tab le  r a d i o  
enc l usure; thus, t h e  i rnpedance t r a n s f e r  l eve l  i s  essent i a l l y the  
transrni t PA ou tpu t  impedance leve l  ( o r  t he  antenna 1 nput  rest  stance 
leve l  when se r i es  tuned 1, 
The Vehicu lar  r a d i o  employs an ex terna l  loudspeaker f o r  displaying 
t h e  rece ive  audio; whereas, t h e  Por tab le  rece l  ver  audIo I s  most 
l i k e l y  incorporated i n t o  a  speaker mike o r  e l s e  i n  a  smal l audio 
t ransducer i n t e g r a l  t o  t h e  Por tab le  r a d i o  package 
Packages f o r  Portab l e and Veh i c u  l a r  rad i os have previous l y  been i 1 l  us t ra ted  
i n  F i  gures 6 and 7 respec t i  ve l  ye  The most important  aspects o f  des i  gn 
f o r  t h e  Por tab le  a re  expected t o  be i n  t h e  packaging and i n  p rov id ing  
ease o f  operat ion.  
Operat ing system assumptions made i n  t h e  func t iona l  b lock  diagram of  
F igure  15 inc lude:  
u c  
- 0  
I L L  
M u l t i p l e  frequency opera t ion  o f  t h e  t r a n s m i t t e r  
S ing le  frequency opera t lon  o f  t h e  r ece i ve r  
iiequi rement f o r  t un i ng  o f  t h e  antenna t o  accomodate t h e  rnul i-l p l e  
t r ansm i t  frequencies ( remote t un i ng  i n  t h e  case o f  t h e  veh icu lar  
antenna 1. 
A f unc t iona l  b lock  diagram f o r  an a c t i  ve Remote Base repeater  I s gei ven 
i n  F igure  16 . Operat ing system assumptions made i n  t h i s  diagram Include:  
S ing le  o r  m u l t i p l e  frequency opera t lon  o f  t h e  MF:tsansmitter 
8 Sino le  o r  m u l t i p l e  frequency opera t ion  o f  t h e  MF Receiver 
the  Remote Base opera t ing  on a  ha l f -dup lex  basis; 
The requirement f o r  audio spec t ra l  amp l  i t ude  cornpensat Ion f o r  
poss ib le  use i n  a  s imulcast  mode w i t h  t h e  Base S t a t i o n  and/or 
o ther  Remote Base s t a t i o n s  
A w i r e l i n e  ( phone l i n e  ) i n t e r f ace  on i h e  Tx/Px audio l i n k  s ides 
o f  t h e  MF t r a n s m i t t e r  and rece i ve r  ( Tx t'lbdule & Rx Module 1. 
The Remote Base l i n k  p o s s i b i l i t i e s  have been discussed e a r l i e r  i n  T h i s  
subsection. Wi th in  t he  func t  lona l  framework o f  t h e  diagram, t h e  T/R 
l n te r face  cou ld  operate a t  baseband o r  a t  some h i  gher low frequency; a l  so, 
the  MF t r ansm i t  and rece ive frequencies cou ld  be t h e  same o r  different. 
Thi s  t ype  o f  repeater  conf i gura t  ion ( as opposed t o  the  conf i g u r a ~ i o n  
w i t h  Rx and Tx audio being jo ined  through a  car r ie r -operated r e l a y  ( COR 1 
o r  aVOX c i r c u i t  i s  requ i red t o  enable s imulcast  operat ion.  
I f  t he  b i f i l a r  w i r e l i n e  t ransmiss ion were t o  occur a t  MF so t h a t  " leaky 
feeder" opera t ion  along haulageways would be poss ib le  ( p rov i d i ng  a  
separate "para1 l e l "  l i n k  t o  r rob i le  u n i t s  opera t ing  very c lose  t o  t h e  
l i ne 1 o r  so t h a t  MF cou l  d be c a r r  i ed a  longer d  i stance than wou l d  be 
poss ib le  w i t h  t h e  monofi l a r  mode, t h e  Remote Base con f i gu ra t i on  becomes 
s i  m i  l a r  t o  t h a t  o f  t h e  L i  ne Coupler repeater  con f i gu ra t i on  o f  F i  gure . 
i n  t h i s  case, t h e  base s t a t i o n  antenna and t h e  monof i la r  cu r ren t  t ransformer 
are  br idged w i t h  a  balun t o  prov ide t h e  w i r e l  i ne  in ter face.  
The func t iona l  b lock  diagram i l l u s t r a t i n g  t h e  Remote Repeater i s  ~ i v e n  as 
F igure  17 . This  t ype  o f  repeater  i s  i l l us t r a ted  f i r s t  f o r  ease o f  
v i sua l  i zat ion;  namely, separate s i n g l e  ( and decoupled antenna i e rm inh t i ons  
f o r  t h e  MF t r a n s m i t t e r  and rece i  ver. The ope ra t i  ng system assumptions 
made i n  t h i s  diagram include:  
S ing le  frequency opera t ion  o f  t h e  t r a n s m i t t e r  
*S ing le  frequency opera t ion  o f  t h e  rece iver ,  
t h e  TX and Tx f requencies a r e  d i f f e r e n t  ( separated 1 w i t h  t h e  repeater  
opera t ing  on a hat f-duplex basis; 


The t r a n s m i t h e c e i v e  i s o l a t i o n  i s  supp l ied v i a  f i l t e r i n g  o f  t he  
t ransmi t  e x c i t e r  output, modu l a t i  ns spectrum fa  l I-of f between 
t ransmi t  and rece i  ve frequencies, and v i  a  antenna i so l  a t l cn ,  
Transmit keying i s  ac t i va ted  using a  car r ie r -operated r e  lay ( COR 
o r  a  voice-operated re l ay  ( VOX ) c i r c u i t ,  
The use o f  separate transmi t and rece i  ve antennas i s  assumed; each 
s i  ngle-tuned t o  the respec t i  ve t r ansm i t  and recei  ve frequencies. 
These antennas a re  orthogona I l y  o r i en ted  t o  obta i n  i ncreased 
transmi t / r e c e i  ve i so l a t i on ,  
The Remte  Repeater may be expected t o  operate i n  low-noise envlronnents 
r e q u i r i n g  maximum rece ive system s e n s i t i v i t y  ( se t -no ise- l imi ted 1 t o  
achieve maxi mum system margin, The rece i  ve antenna i s  chosen t o  be o f  
t he  large tuned base s t a t i o n  type, having 2 la rge capture area, t o  
i ncrease the  rece i  v e t  sensi t i  v i  t y ,  The orthogona l antenna o r i  e n t a t l  on 
provides increased t ransmi t / rece i  ve i s o l a t i o n  cons is ten t  w i t h  t h e  
increased rece ive system s e n s i t i v i t y  required,  
The f unct  i ona i b lock diagram i l 1 u s t r a t  i ng t he  L i  ne Amp I 1  f i e r  repeater  i s 
given i n  F igure  18 . The opera t ing  system assumptions made i n  t h i s  diagram 
include:  
S i n ~ l e  frequency operat ion o f  t h e  t r a n s m i t t e r  
S ing le  frequency operat ion o f  t he  rece i  ver, 
t he  TX and RX frequencies a re  d i  f f e r e n t  w i t h  t h e  repeater  operat ing on a  
hal f -duplex basis; 
The t ransmi t / rece ive  i s o l a t i o n  i s  supp l ied v i a  f l  l t e r i n g  o f  t h e  
t r ansm i t  e x c i t e r  output  and v i  a  m d u l  a t  i on spectrum f a  l l  -of f between 
t r ansm i t  and rece ive  frequencies 
Transmit keying i s  a c t i  vated using COR o r  VOX c i  r c u i t r y  
+ The use o f  separate s i n g  le-tuned cu r ren t  t ransformers :  i s  -.assumed 
f o r  t r ansm i t  and rece i  ve channel s  ( shown 1 f o r  m n o f  i l a r  mode 
coup l i ng o r  separate t ransformers f o r  b i  f i l a r  mode phone 1 i ne 
coup1 ing. A l t e r n a t i v e l y ,  f o r  monofi l a r  mode coup1 ing, a double-tuned 
s  i ng l e  cu r ren t  t ransformer  cou ld  be used w i t h  switched tun  i ng 
c o n t r o l l e d  being ac t i va ted  from t h e  t r a n s m i t t e r  keying funct ion.  
Both incoming and outgoing 1 ink i n t e r f aces  are  served v i a  c a r r i e r  
c u r r e n t  f lowing i n  a  se lec ted monofi t a r  mode conductor. 
The p o s s i b i l i t y  o f  br idged an tennak )  a t  t h e  Line A m p l i f i e r  l o ca t l cn  1s 
no t  shown as t h i s  would e s s e n t i a l l y  c o n s t i t u t e  a  L ine Coupler repeater, 
which i s  discussed sepra ie l y  t o  fo l low. 
The L i  ne Amp l i f i e r  probab l y  operates i n  t h e  no? sl e s t  env? ronment and, thus, 
exper i ences t h e  1 east  transmi t / r e c e i  ve s  i gna l margin. There i s ns c l ear 
c u t  choice, performance wise, between t h e  use o f  separate o r  a  sing l e  





























































































































The f u n c t i o n a l  b l o c k  diagram i l l u s t r a t i n g  t h e  L ine  Coupler repeater  i s  
g iven i n  F igu re  19 . The o p e r a t i n g  system assumptions made I n  t h i s  
diagram inc lude:  
S i ng l e  frequency o p e r a t i o n  o f  t h e  t ransmi t t e r  
S i n g l e  frequency opera t i on  o f  t h e  rece ive r ,  
t h e  TX and Rx f requencies a r e  d i  f f e r e n t  w i t h  the  repeater  o p e r a i l  ng on 
a  ha l f -dup lex  basis;  a 
The t rans rn i t / rece ive  isolation i s  supp l i ed  v i a  f i l t e r i n g  c f  t h e  
t r a n s m i t  e x c i t e r  ou tpu t  and modulat ing spectrum f a l l - o f f  between 
transrni t and rece i  ve f requencies 
T ransmi t te r  key i ng i s  a c t  i vated us i ng COR o r  VOX c i  r c u  i t r y  
The communication c i r c u i t  l i n k s  a re  enabled v i a  c a r r i e r  c u r r e n t  
coup l i ng  ( v i a  a  c u r r e n t  t rans fo rmer  1 in-to a  m n o f i l a r  mode 
conductor and v i a  a  l a rge  double-tuned base s t a t i o n  antenna. 
A l t e r n a t i v e l y ,  f o r  long d i s tance  loca l  area-to- local area 
t ransmiss ion ,  t h e  coupled l i n k  end may i n t e r f a c e  w i t h  t h e  phone 
l i n e  b i f i  t a r  mode through a  t rans former .  The t r a n s m i t t e r  and 
r e c e i v e r  a r e  br idged across both  l  i n k  i npu ts  
A more s e n s i t i v e  one-way repea te r  cou ld  be bui  l t w i t h  a single- tuned 
. antenna on one l i n k  end ( most l i k e l y  t h e  w i r e l e s s  r e c e i v e  mode 1 and 
a  c u r r e n t  t ran fo rmer  on t h e  o t h e r  l i n k  end ( most l i k e l y  t h e  m n o f i l a r  
o r  b i  f  i I  a r  t ransmi t mode 1. The t r a n s m i t  l  i nk end rnargi ns a r e  expected 
t o  be rough ly  symmetr ical ( i . e . ,  f o r  example, Portable-to-3ase S t a t i o n  
vs Base S ta i i o - to -Por tab le  1 so t h a t  b i d i r e c t i o n a l  r e ~ e a t e r s  o n l y  a re  
requ i red .  The except ion  t o  t h i s  ( and t h e  reason f o r  ment ioning t h e  
one-way l i n k  p o s s i b i l i t y  1 i s  t h e  p o s s i b i l i t y  o f  implementing s a t e l l i t e  
rece i  vers which, i n  a  more compl i ca ted  Base S t a t i o n  c o n f i g u r a t i o n ,  would 
p e r m i t  m r e  c a r e f u l  mon i to r i ng  and l o c a t i o n  o f  t r a f f i c  i n  a busy l a rge  
m i  ne.The use o f  sa te  1 1 i t e  r e c e i  vers  i s  n o t  he re in  considered a  p a r t  o f  
t h e  base l  i ne system des i gn . s t r u c t u r e .  
The f unct  iona l  b  l  ock d i agrarn i l l  u s t r a t  i ng t h e  Pass i ve and A c t i  ve Li  ne 
Extenders i s  g i  ven i n  F igu re  20 . The o p e r a t i n g  system assumptions made 
i n  t h i s  diagram inc lude:  
A c t i  ve o r  pass i ve extenders use a c u r r e n t  t ran fo rmer  a t  one I l nk 
end and a base s t a t i o n  antenna a t  t h e  o t h e r  end ( except  f o r  
b r i d g i n g  between AC power g r i d s  where two c u r r e n t  t rans formers  
would be used 1 
a An A c t i v e  L ine  Extender I s  comprised o f  two one-way extenders f o r  
maximum extens ion c a p a b i l i t y ;  each us ing  a  d i r e c t i o n a l  tuned 
a m p l i f i e r  
Separate d  i r e c t  i ona I amp l  i i i  e r  freauenc i es a r e  emp l oyed t o  be. 
compat ib le w i t h  t h e  l o c a l  area-to-mobile u n i t  o r  l oca l  area-to 











































































































































































































































































































































































































































































































































































I n  se rv ing  loca l  area-to-central d ispatcher  type o f  comun ica t lons  i n  
a large m i  ne, t h e  L i  ne Extenders s i mp l  y extend t he  monof i l a r  mode 
range; w i t h  operat ion i n t o  a separate Remote Base being assumed. 
3.3 PREFERRED SYSTEM CONCEPT 8 DESIGN BASELINE 
The gener i c con f i gurat  i ona l  groundwork f o r  MF system des i gn i n underground 
coal mines, emphasizing AC t r ack less  haulagerrines, has been given i n  
the  previous two subsections, Th is  subsection presents the  p re fe r red  
system concept, implementable i n  p a r t  o r  i n  whole, which achieves a 
p r a c t i c a l  compromise between system s i m p l i c i t y  and system operat iona l  
f l e x i b i  l i t y .  
Care has been taken t o  prov ide f o r  t he  th ree  major types o f  communicatf on 
on a m i  n i mum i n t e r f a c i  ng bas i s by p rov i  d i ng "quasi -decoup l ed modes" o f  
operat ion. : in so f a r  as possible. Add i t i ona l l y ,  t h e  design provides f o r  
decoup l  ed transmi ss ion between d.bstant l y separated loca I arees as an 
extension o f  t he  local-area-only t ype  o f  communications; thus, a t o t z l  
o f  four  d i s t i n c t  quasi-decoupled modes are provided f o r  I n  t he  desisn. 
P r o l i f e r a t i o n  o f  t he  design beyond t h a t  g iven I n  t h i s  subsection I s  
expected t o  occur through t h e  se lec t i on  o f  d i  f ferent  sets  o f  operar i  ns 
frequenci es. 
The s i f t i n g  o f  some l i n k  a l t e r n a t i v e s  p u t  f o r t h  i n  t h i s  s u b s e c t i o ~  dspend 
on a more comp l e te  understand i ng o f  the  p a r t  i cu  l a r  tarnsmi ss i on character  i s t  i cs 
and proto type equipment design cons iderat ions than w i l l  be given. Tnese 
d e t a i l s  wi .1  l be-g iven i n  l a t e r  sec t ions  o f  t h i s  repor t .  
The design i s  based on t he  use o f  nominal ly  5-watt rad ios  employing 
narrowband FM transmission f o r  a l l  Radio Terminal Elements and f o r  a l l  
Repeater Elements, I n ac tua l  equipment design, t he  maximum common usage 
o f  transmi t and rece i ve "mdu  l es" between a l  l  a c t  i ve system e l  ements i s 
assumed, 
The des i gn uses some Conti nuous Tone Coded Squelch ( CTCS aecod l ng and 
encoding t o  prov ide operator  s imp lec i t y  on t h e  p a r t  o f  t h e  Portables and 
Vehiculars, and t o  help"decouple" t he  t ransmission rrodes. Use o f  add i t l ona l  
CTCS con t ro l  i s  discussed as p rov id ing  embelishments beyond t h e  basic 
desi gn; b u t  are  no t  i nc l  uded as p a r t  o f  t h e  bas ic  design because o f  t he  
recognized s i z e  o f  commercially a v a i l a b l e  encoder and decoder components 
and because t h e i r  use may no t  prove operat iona l  l y  f eas ib l e  ( except o f  
supervisory radios,  i f two " t i e r s "  o f  rad ios  are  p rac t i ca  l  1 u n t i  l 
experience has been gained w i t h  an actual  operat ing system. 
3.3.1 SYSTEM FREQUENCY PLAN 
The frequency p i  an i s  a two-frequency p lan p rov id i  ng f o r  both simp1 ex and 
hal f -duplex types o f  operation. The frequency p lan i s  the  same f o r  a \  I 
Radio Terminal Elements, w i t h  a v a r i a t i o n  i n  t h e  Base Stat ion,  The 
frequencies, desi gnated f and f are  expected t o  occur i n  the 500-1 030 
kHz range w i t h  a minimum b f  10% $&rat ion and w i t h  f l  being the  higher 
frequency o f  t he  two. 
The frequency p lan  opt ions f o r  the Por tab les and Vehiculars a re  envisioned 
as being se lec tab le  v i a  a three-pos i t ion swl tch on t he  enclosure as 
f o l  lows: 
"Loca I "  
"Base" 
"Remote" 
Transrni t f no CTCS 
Rece i ve f l  no CTCS 
Transmi t f ,  CTCS 




Rece i ve f l  no CTCS 
A s i n g l e  tone  encoder is  used w i t h  bo th  t r a n s m i t  f requenc ies  ( and a s l n g l e  
tone  i s used th roughout  t h e  system 1. Use o f  t h e  s i  n g l e  r e c e i v e  frequency, 
o f  course, poses t h e  arnb i gui t y  o f  which "mode" i s  be i  ng r e c e i  ved. Thi  s 
i s  acceptab le  i n  t h i s  t y p e  o f  s e r v i c e  where t h e  ope ra to r  g e n e r a l l y  knows 
t o  whom he i s  t a l k i n g  and whether i t  i s  "Local" o r  "Base"; otherwise,  i t  
w i  l l m s t  o f t e n  be remote, 
The d i s p a t c h e r  has a d d i t i o n a l  v i s i b i l i t y  w i t h  regard  t o  t h e  t y p e  o f  
communications be ing  se rv i ced  and can d i f f e r e n t i a t e  between Remote Sase 
and "Loca I "  o r  "mob i l e un i t" l i nks. The frequency p l an f o r  t h e  Base STat i on 
i s :  
"Local" Transmit  , f no CTCS 
' Rece i ve f , no CTCS 
Note: on base s t a t i o n  antenna o r  on a coupled 
m o n o f i l a r  conductor  
"Remote Base" Transmi t f2 no CTCS, o r  baseband audio 
Recei ve f2  no CTCS, o r  baseband aud io  
Note: on phone l i n e  on ly ,  b i f l l a r  mode 
llRemote/Mob i l e Transmi t f, CTCS 
U n i t "  L 
Rece i ve 1 
no CTCS 
Note: on coupled monofl l a r  conductor  
I f  p r o v i s i o n s  a r e  made i n  t h e  Base S t a t i o n  design f o r  s i m u l c a s t i n g  and, I f  
L ine  Coup le t  elements a t e  l i n k e d  t o  t h e  phone l l n e  ( b i f l l a r  rmde 1; then, 
i n  t h e  s i m u l c a s t  mode, CTCS should be t r a n s m i t t e d  on f on t h e  phone l i ne 
( assuming f i s  used r a t h e r  t han  baseband aud io  1, 2 2 
The frequency p l an f o r  t h e  Remote Base i s  : 
Rece i ve f2 no CTCS, o r  baseband aud io  on 
w l r e l  i n e  l i n k  
f ,  CTCS on MF l i n k  
Transmi t f2 no CTCS, o r  baseband aud io  on 
w i re1  i n e  l i n k  
f ,  
no CTCS on MF l i n k  
The frequency plans f o r  t h e  L ine Amp l i f i e r ,  L ine Coupler, and Remote 
Repeater a re  i dent i cat, and are:  
Rece i ve 2 
CTCS 
Transmi t f no CTCS 
As an over lay  on t h i s  bas ic  frequency plan, add i t i ona l  CTCS tones could 
be added t o  prov ide:  
Paging/Cal l  A l e r t  from t h e  Base S t a t i o n  
Each o r  ce r t a  i n Portab l es  and Veh i cu l a r s  . wou l d  nave a  "home" 
address tone decoder such t h a t  i f  t h i s  tone was received, i t  
woul d aud i b l  y  o r  v i  sua I l y s  i gnal t h e  operator  o f  t he  rad i o 
o f  a  c a l l  
P r i v a t e  L ine ( b l ock i ng  1 from se lec ted rad ios  
Selected superv isory  rad ios  woul d  have a  tone encoder and each 
non-supervisory r a d i o  would have a  tone decoder such t h a t  i f  
t h e  tone were sent, i t  would b lock  t he  r ece i ve r  o f  each r a d i o  
havi ng t h e  decoder 
3.3.2 SYSTEM DES l  GN L  l NK FEATURES 
Using the'system elements p rev ious ly  def ined and discussed, and t h e  
frequency p  l  an o f  t h e  p rev ious  subsection, a  ve rsa t i  l  e  system des i cn 
can be performed. An overview o f  t h e  system des i gn possi b i i l t i es i s 
given i n  F igure  21 which i l l u s t r a t e s  t h e  m a j o r i t y  o f  t h e  l i n k  opt ions.  
The system provides f o r  four  quasi-decoupled types o r  modes o f  
communications. These are:  
Base S ta t ion - to - loca l  area( Por tab le /Vehicu lar  1 communicaiions 
v i a  t h e  Remote Base repeater. 
The l i n k  i s  provided using t h e  b i f i l a r  phone l i n e  t ransmission 
mode which i s o l a t e s  it from types using mono f i l a r  mode coupl ing 
and t ransmission.  Th i s  l i n k  i s  i so l a ted  from long d is tance loca l  
area-to-local area t ransmiss ion v i a  frequency separat ion f o r  
t ransmissions o r i g i n a t i n g  from a L ine Coupler Repeater and by 
CTCS f o r  t ransmissions o r i  g i  na t  i ng from t h e  Base S t a t i o n  
Long d is tance Base S t a t i o n  o r  Poflable/Vehicular-to-mobile u n i t  
commun i ca t ions  v i  a  a  L  i ne Amp l  i f i e r  repeater  
The l i n k  i s  provided using t h e  monofi l a r  mode t ransmiss ion on t h e  
AC power cab le  and/or phone l i n e  which I so l a tes  i t  from types 
using t h e  b i f i l a r  mode f o r  transmission. Th is  l i n k  i s  I so l a ted  
from l inks  employing a L ine Coupler and t h e  monof i l a r  node because 
o f  frequency separat ion ( two repeaters w i t h  l  i ke frequency plans 















































































































Extended range loca l -area-on ly  t y p e  o f  comnunicat ions v i a  a 
L ine  Coupler repeater ,  coupled t o  a m n o f i  l a r  conductor  
Same r a t i o n a l e  a p p l i e s  as f o r  t h e  above mobi le  u n i t  m o n o f l l a r  
l i nk .  
Extended range l oca l arsa-to- l  oca l area commun i c a t  i ons v i a  a 
L ine  Coupler Repeater, coupled t o  t h e  b i f i  l a r  phone I ir'ie mode 
S a m  r a t i o n a l e  a p p l i e s  f o r  i s o l a t i o n  as f o r  t h e  above Base 
S ta t i on - to - loca l  area l i n k ,  
A d d i t i o n a l l y ,  l oca l  area s implex communications a r e  somewhat i s o l a t e d  from 
c o m u n i c a t i o n s  from t h e  l o c a l  area t o  t h e  Base S t a t i o n  v i a  t h e  Remote 
Base th rough t h e  use o f  CTCS, 
Of course, CTCS does n o t  p rov ide  much i s o l a t i o n  under dense t r a f f i c  
cond i t i ons ;  and,due t o  t h e  common rece ive  frequency, t h e r e  w i l l  be 
i n t e r f e r a n c e  between "Loca I "  and ''Remote" t ransmi ss ions  and between 
" local -area-only"  t ransmiss ionse  
The major l oca l  area-to-centra l  d  i spatcher cornmun i c a t  1 on l  i nk poss i b i I  i t i  es 
a r e  i l l u s t r a t e d  i n  F igure  22 , The p r imary  l i n k  i s  v i a  t h e  b l f i i a r  
phone l i n e  t ransmiss ion  through t h e  Remote Base. Other secondary m o n o f l l a r  
mode poss ib i  l i t i e s  a r e  shown, 
The major l oca l  a rea/cent ra I  d ispatcher- to-mobi le u n i t  communications l i n k  
poss ib i  l  i t i e s  a r e  i l l  us t ra ted  i n  F igure  23  .A1 l  poss ib i  l  l t l e s  i n v o l v e  
t h e  use o f  a t  l e a s t  a  s e c t i o n  o f  n o n o f i l a r  t ransmiss ion  a long whicn t h e  
m b i  l e  u n i t s  a re  presumed t o  be, Besides t h e  pr imary  a1 I-monof i lar-mode 
opt ions ,  h y b r i d  l i n k s  i n c l u d i n g  Remote-Base-excited m n o f i  l a r  mode and 
i s o l a t e d  power g r i d  crossconnect ions us ing  A c t i v e  L ine  Extenders a r e  
shown, 
The major loca l -area-on ly  ( o r  between loca l  areas 1 communications l i n k  
poss,i b  i l  i ti es a r e  i l l  u s t r a t e d  i n  F i  gure 24  . These l i n k s  a r e  arranged 
i n  o r d e r  o f  s h o r t e s t  range t o  longest  range i n  decending o r d e r  on t h e  
diagram page. The s h o r t e r  range I i n k s  employ d i r e c t  w i r e l e s s  t ransmlss lon  
o r  pass i ve coup l i ng i n t o  w i  r i  ng. The longest  range l  i nks  emp l o y  purposefu l  
coup l i ng  i n t o  t h e  b i f i l a r  transmission mode on t h e  phone I l ne .  
The c o n f i g u r a t i o n  o f  p a r t i c u l a r  systems w i l l  depend upon t h e  
S ize  o f  t h e  mine 
Type o f  mine 
a Size o f  t h e  areas r e q u i r i n g  comnunica t~ons and t h e i r  l o c a t i o n s  
w i t h  respec t  t o  conductors 
Mine topology;  p l  us arrangement and number o f  e x i s t i n g  mine w i r l n g  
conductors 
a M i  n i  ng format; how o f t e n  t h e  w i  r i  ng changes, and how t h e  
f  unct iona l worki ng crews a r e  deployed. 
The means o f  c o n f i g u r i n g  t h e  systems i s  t h e  t o p i c  o f  t h e  next subsect ion 
o f  t h i s  repo r t ,  
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3.4 SYSTEM PERFORFJANCE ANALYS l S TECH14 I QUE 
Deta i l s  o f  t he  technology " t oo l  stf requi  red t o  p r e d i c t  and ana l  y z s  system 
performance are  g iven i n  Sect ion 5.0. Th is  sec t lon  discusses t h e  
techn i que f o r  system performance ana l ys i s us i ng these t o o l  s, p rov l  d i cg 
t h e  bas is  f o r  a p a r t i c u l a r  "strawman" ana lys is  t o  be o i  ven i n  t he  n e x t  
subsection. 
The f i r s t  s tep i n  system ana lys is  i s  t o  de f ine  t h e  c r i t i c a l  equlprnsnA 
parameters. Based on the  system d e f i n i t i o n  o f  previous subsections 
and techn ica l  s p e c i f i c a t i o n s  t o  be given i n  t h e  next  sect ion,  t h e  
equ i pment parameters are  : 
Frequency, choose 890 kHz as t y p l c a  1 
Transrni t power 5 wat ts  
Por tab le  t r ansm i t  N I A  1.5 
Vehicular  +ransmit i4IA 0.82 
Por tab le  NA 1.25, R = 3.5 ahms 
Vehicular  NA 1.67, R = 22 ohms2 
Portab l  e antenna area 0.208 m2 , E l  = 6 
Vehicular  antenna area 0.139 rn 2,  N = 12 
Base S ta t i on  antenna area 14.4 rn , N = I 
Receiver no ise f i g u r e  6 dB 
Modulat ion type, FM voice, + 3 kHz dev ia t i on  ( n = 1 1 
Portab l e rece i ve system sensi t 1 v i  ty -33.7 dB above I uamdmeter 
12 dB SINAD 
Veh 1 cu  l  a r  rece i ve system sens i t i v i  t y  -27.0 dB above I uam~/meter 
12 dB SlNAD 
BaseStat i on rece i  ve system sens i t I v i  t y  -49.3 d5 above I uan~/me+er 
12 dB SINAD 
Thermal Noise f l o o r  -120.3dSabove I uanp/meter 
Repeaterfrequency spacing 10; o r  75 kHz, whichever i s  g rea te r  
cond i t i on :  no degradation I n  r ece i ve r  s e n s i t i v i t y  
The nex t  s t  ep i s t o  de f ine  t h e  envi ronmenta l  parameters 
Seam; determi ne s c a t t e r  ga i n, conductor e t tenua t  i on, and quas i - 
conductor-f ree a t t enua t  i on 
Type o f  mine; choose AC/trackless haulage, t h i s  determlnes t h a t  
" face area" noise along conductors i s  appropr la te  
Conductor ensemble surge impedance; choose Z = 50 ohms 
Average "c l osetf separat ion o f  antenna centerg  f rorn t he  conductor 
center  
Portab l es 2 meters 
Veh i cu  l a rs  3 meters 
Base Sta t i on  t r ansm i t  coup1 l ng  leve l ;  choose -28 dB 1 i m i i  
Base S t a t i o n  rece i ve antenna-to-conductor spac i ng 0.3 meters 
Conductor c a r r i e r  cu r ren t  SWR design c r l  t e r l a ;  choose + 15 d 9  
At tenuat ion increase per  conductor tap; choose 3 dB/s lngle t a s  
5 dE/~ouS le  i a p  
The remainer o f  t h i s  sec t ion  w i l l  address t he  cho icg of t h e  Upper F ree~o r '  
seam, w i th :  
M = 0.02 1 3 dB/meter 1 MHz 
= 0.01896 dB/meter @ 890 kHz 
Face no ise  = -27.5 dB above I uamp/meter 2 890 kiiz 
t-Jote: face no ise  and s e t  no ise  f o r  vehicular opera?ion 
a r e  near-equa 1 8 890 kHz 
The nex t  opera t  i on  i s  t o  e s t i  r a t e  system margi n f o r  severa 1 t ypes o f  
opera t  i on  vs l  a t e r a  1 ( t ransverse )  range o f  t h e  transmi t t e r  f ram t h e  
conductor assuming zero a t t e n u a t i o n  a long t h e  conductor  ensemble. Also 
inc luded i s  t h e  system margin es t imates  f o r  quasl-conductor-free 
opera t  i onvs range.The conductor  p r o x i  m i  t y  data must be prepared us i n a  
separate1 y t h e  "remote" ( s c a t t e r  aa 1 n) and "close" ( c u r r e n t  c o u ~  l i ng 
coef  f  i c i en t  ) t heor  i es, p l o t t  i ng curves prepared from these t h e o r  l es, 
and j o i  n i  ng these curves i n t h e  t r a n s i t i o n  r e c i o n  o f  l a t e r a l  -ranse. 
An examp I e o f  theconductor-proxi m i  t y  computat ions f o r  Veh i c u  l ar-Veh i c~ l a r  
( V-V  1 opera t ion  i s  as fo l l ows :  
Remote COUD l i na- 
where, RT i s  t h e  range from t h e  t r a n s m i t  antenna cen te r  t o  t h -  conductor 
ensemb l e cen te r  I n meters 
GS i s  t h e  s c a t t e r  ga in  r a t i o  I n  dB 
Hi i s  t h e  i n c i d e n t  magnetic f i e l d  s t r e n g t h  i n  dB above I uamD 
per  meter from an NIA = 0.82 t r a n s m i t t i n g  source 
E i s  t h e  face no ise  leve l  i n  dB above I uamD per  meter 
S 
Close Coup1 inq- 
Rt 
R 
C~ c~ I L  E s I I  I s MARG 1 i.1 
15 -79.3 0.49 -27.0 52.9 1.5 +36,0 
7.5 -67.2 0.49 -27.0 213.8 I .5 +48.1 
r i b  
edge 4.83 
-59.6 0.49 -27.0513.1 1.5 +55.7 
3.9 0.57 -42.7 -55.9 0.49 -27.0 785.6 1.5 +59,4 
2.9 0.30 -37.1 -50,3 0.49 -27.0 1496.9 1.5 +65.9 
2,O 0,22 -34.4 -47.6 3.49 -27.0 2042.1 I .5 +67,7 
where, 5 i s  t h e  range from the  t ransmi t  antenna center  t o  
t o  t h e  conductor center ,  meters 
CR i s  the rece i ve cu r ren t  coup l 1 ng coe f f  i c i  en t  obta i ned 
from graph ica l  f l e l d  mapping, n  = 64, der ived from 
F i  sure 
Note: CR i s  used on ly  t o  c a l i b r a t e  CT as t he  f i e l d  
mapping c o e f f i c i e n t  i s  deemed more accuraie 
than t he  simple formula and t he  r e l a t i o n s h i o  
between t r ansm i t  and rece ive coe f f i c l en f s  
i s  r e  I a t  i ve l y  constant  
CT i s t h e  t r a n s m i t  cu r ren t  coup l i ng c o e f f  i c i  en t  computed 
as 
CT( f i e l d  formula) - 
C~ - x CR ( f i e l d  mapaing CR( f i e l d  formula) 
2 
then sca led as I  /? f o r  ranoes beyond t h e  ri b edaa -
( taken t o  be located a t  4.83 meters l a t e r a l  r s n ~ e )  
' L  i s  t he  t ransmi t  antenna cur rent ,  arcps 
Es i s  t he  set-noise s e n s i i i v l t y  leve l  i n  dB above I usno/me+er 
I  I i s  t he  conductor c a r r i e r  cu r ren t  i n  amDs 
I i s  t h e  conductor no ise cur rent '  I n  dB above I  usm? 
s  
The quasi-conductor-free margin i s  computed using t he  Upper F reepor i  seam 
measured r e s u l t s  ( Margaret # 1 1  shown i n  Figure 33 adjusted f o r  ac tua l  
N I A  and f he  corresponding face-noise o r  set-noise f i e l d  s t reng th  Isve ls .  
The system margins f o r  zerc dE l  Ine a t tenua t ion  ( along t h e  m n o f i  l a r  
conductor and quasl -conductor-free margi ns, each f o r  severa I Rad i o  
'* 1- Termi na l  El ernent types, are given i n Sect ion 5.1 i n  Fl sure 30 . I ~ J t e  
i n  t h i s  f i g u r e  t h a t  the  "remote1' and "close" coup ing  reglons are  i d e n t i f i e d  i along w i t h  t he  t r a n s i t i o n  reg ion i n  which the  I/R f z l l - o f f  was assunsd. 
The actua l  f i e l d  s t reng th  f a l l - o f f  f o r  sho r t  l a t e r a l  ranges beyond t h s  
r i b  edge, once t h e  " remte l '  and llclose'l curves are  joined, i s  l ess f n a n  fhe 2 
I /R lay  ggsumed. The actua l  f a l l - o f f  law i n  t h i s  reg ion i s  very c lose f a  
t he  I / R  law measured i n  t he  RoseVa l ley  mine. 
To enable t h e  conductor p rox im i t y  r e s u l t s  t o  be easi l y  used f o r  system 
analysis,  the  curves o f  t h e  above referenced f i g u r e  are  used t o  prepare 
curves o f  l a t e r a l  range away f rorn conductors vs range a  long t he  m n o f  1 l  a r  
conductor s t r i n g .  Cont inu ing t h e  examp i e  o f  Vehicular  operat ion i n  t 5 e  
Upper Freeport  seam, curves a re  shown i n  F i  sure 25 f o r  V-V opera t i cn  
w i t h  0 dB corresponding t o  no taps, 5 watts, + 10 dB SWR, and 3-meter f i xed  
range o f  one rad io  termi  na l f rom t h e  conductoFs a t  390 kHz. These same 
curves can be used f o r  V-B operat ion by t a k i n g  t he  +I6 d@ curve t o  
correspond t o  0 dB. Using t h e  curves, a  contour o f  l a t e r a l  ranoe vs tznoe 
along conductors can be  p l o t t ed ,  I f  t he re  are tapdbranches i n v o l v ~ c i ,  t h e  
curves a re  used as fo l l ows :  
f o r  s i n g l e  wlde-spaced taps ( f o r  example) t h e  a t tsnuaf ion 
i s  est imated t o  be 3 d3/tap. I f  t h e r e  a re  4 t aps  beiwnqn 
t h e  t r a n s m i t t e r  and rece i  v e t  f o r  V 5  operat ion,  we wcu l d  use 
t h e  -12 dB curve; f o r  V-B operat ion,  we would use a +"B 
curve. 
I r I .  I 1 I 
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S ' .  I I I I, I I '  ! # I '  ' I . '  . I  I ' 2 :  I I .  1 1 
I . ,  : .  I I 
3.5 STRAWMAN SYSTEM DES l  GN EXAMPLE 
The preceeding ca l cu l a t l ons  and ana lys is  technique w i l l  be used i n  
t h i s  subsection t o  est imate t he  Vehlcular-Vehicular(  V-V 1 and 
Vehicular-Base S ta t i on  ( V-0 1 opera t ion  i n  a p a r t i c u l a r  mine; i h s  
He l ve t i a  Coal Co, Lucerne #8 mine, Th is  n ine i s  fami l i a r  t o  P!*/ISRC 
and i s  one f o r  which t h e  Bureau has an ongoing communications systsm 
test-bed program under cooperat i ve agreement w i t h  t h e  m i  ne, The author 
v i s i t e d  t h i s  mine dur ing  August, 1977, and performed a an electromegnnt ic  
f i e l d  mapping a t  medium frequency i n  t h i s  mlne a t  t h a t  t ime. A summary 
mine map was prepared i l l u s t r a t i n g  t h e  s t a tus  o f  mining operat ions,  
topo log ica l  ly ,  together  w i t h  assumed area coverage regions f o r  a 
t r ack l ess  haul age MF system as o f  l a t e  1977. Also shown. a re  arsas to 
be mined i n  t he  near fu ture .  Th is  summary mine map i s  given as F igurs  26. 
The assumed des i rab I  e comnun i c a t i o n  coverage area i s g i  ven by 
crosshatch i ng on t he  f i gure, The l a i e r a  l  haul ageway coverags area 
assumed was governed by communications i n  a l l  f resh a i r  en t r i es ,  w i t h  
the  r e s u l t  
145 f e e t  l a t e r a l  ran* I n South Ma i ns 
80 f e e t  l a t e r a l  range i n  North bins 
80 f e e t  l a t e r a l  range i n  sect ions.  
The reaui  red area i n  sec t ions  included t h e  s i z e  o f  t h e  room-and-pl t t a r  
areas extending about 400 f e e t  on e i t h e r  s ide  o f  a center  l i ne ,  Ths 
acceptable l a t e r a l  range coverage i n  haulageways has been taken t 5  be. 
80 fee t  i n  a l  l haulageways, nominal 
65 f e e t  minimum 
tdote: t he  65 f e e t  minimum re f ! -ac ts  t h e  range 
requi  red I  en t r y  removed f r o n  t he  
conductor e n t r y  as t he  D i l l ars  a r9  
nominal l y  on 65-foot centers. 
Al so shown on t h e  map are  rectangu l a r  areas show i ng rooms t o  be m i  ned 
( as o f  t h a t  date 1 and dashed l i n e s  represent ing expected' f u t u re  
extensions o f  t h e  AC power cab le  and beltways. 
The exact  operat iona l  s t a tus  o f  Lucerne 08 as o f  t h e  t ime o f  t h i s  w r i t l n c  
and t h a t  expected a t  a f u t u r e  t ime  when d e m n s t r a t l o n  hardware w i  l I be 
a v a i l a b l e  f o r  t e s t i n g  a re  n o t  known. The following analys is ,  there fore ,  
assumes a l l  dashed AC power cable and beltway extensions t o  be acf ive. 
The ana lys is  o f  V-8 and V-V t ransmiss ion i n  t h i s  mine a re  1 l t u s t r ~ t e d  
respec t i ve l y  i n  Figures 27 and23 . The l a t e r a l  range p red ic ted  a t  
selected loca t ions  adjacent  t o  t h e  coverage contours and espec ia l l y  
near t h e  ends o f  p a r t i c u l a r  power cable/beitway runs. 
The V-B coverage I l l u s t r a t e s  t h e  olacement o f  L ine Ampl i f i e r  o r  Remot5 
Base repeaters  t o  g i  ve m i  ne-w i de coverage. 
S p e c i f i c  conclusions a f fo rded  by t h i s  ana l ys i s  inc lude:  
( I )  The maximum through-the-seam ( quasi-conductor-free ) 
range expected i s 108 meters ( 354 f e e t  1. 
( 2 )  I f  both  Radio Terminal Elements o f  a p a i r  are  c l ose l y  
coup l ed t o  conductors, approxlrnate m i  ne-w i de coverage 
i s  expected V-0, and Vehiculars w i l l  be ab le  t o  comrnunlcate 
w i t h  o t h e r  Vehiculars ( V-V ) over  e i t h e r  the  Nor th  Mains 
o r  t he  South ?Pa i ns areas wi thout  repeaters. 
( 3 )  V-V coverage w l t hout rebeaters w i t h  one rad I o located 
one en t ry  remved from conduc+ors I s l i m i  t ed  t o  about 
2500 f e e t  o r  less. 
( 4 )  V-V coverage w i t hou t  r e ~ e a t e r s  w i t h  both rad ios  remcvsd 
one en t r y  f rorn conductors i s l i m i  t ed  t o  about 1000 f 9e t  
o r  i ess, 
(5 )  With a Base S ta t i on  assumed t o  be located i n  t h e  p o r i e l  
area, and t o  mainta in nominal one-entry-away coverage 
w i t h  vehic les,  a L ine Amp l i f i e r  o r  a Remote Bzse Repeetgr 
i s requi  red 2500 f e e t  away i n  t he  North P i a i  ns and 3750 
f ee t  away i n  t he  South Mains, 
(6 )  With therepeater  spacing o f  (51, a l a t e r a l  range i n  excess 
o f  80 f ee t  i s assured over a l  l  hau I ageway Ma i ns, 1 n excess 
o f  60 f e e t  a t  t h e  end o f  a l l  B u t t  Sections ( Submains 
panels, and i n  excess o f  50 f e e t  a t  t he  extreme ends o f  
roowand-pi l l a r  area assumi ng the  AC cable runs t h i s  f a r  
( t h i s  should assure a t  l eas t  60-65 f e e i  o f  l a t e r e  l range 



























































































































































































































































































































































































Funct ional  deta i  l s o f  t h e  System Elements requ i  red f o r  a m i  ne-w i de 
t r a c k l e s s  haul age med i um f reauency w i r e  I ess comun i c a t  l on system, 
general l y  meeti ng t h e  requ i  rements f o r  a general purpose system 
app l icab l e t o  many types o f  underground mines, have been gl ven i n  
Sect ion 3.0. The purpose o f  t h i s  sec t ion  i s  t o  summarize c e r t a i n  
key func t iona l  and performance spec i f l ca t i ons  f o r  System Elements 
which a re  apparent as a na tu ra l  consequence o f  the  technology. 
4.1 PORTABLE RAD I 0  
Funct iona l -  
Provi  s ion  f o r  channe l i zed operat  ion; chanai ng channe I s  requi  r i n g  
sirno l e  adjustments in te rna  I t o  t h e  r ad io  n o t  accessable v i a  t h e  
ex te rna l  con t ro l s )  
Per channel : 
Reception on a s i n g l e  frequency, f ,  , t h e  lower frequency o f  an 
f l / f 2  p a i r  
Transmit on e i t h e r  f ( s implex 1 o r  f ( h a l f  duplex 1, as 
se I ectab I e on t h e  trbnt pane I 2 
Frequency p l an- b rov i  des f o r  3 r e  l ectab I e f r o n t  pane l opera t i  ng 
modes 
" Loca I " transrni t f ,  no CTCS 
rece i ve f no CTCS 
"Base" transmi t f ,  CTCS 
rece i ve f no CTCS 
"Remote" transmi t f 2  CTCS 
rece I ve f ,  no CTCS 
s i n g l e  tone encoder f o r  use w i t h  both t r a n s m i t  
f requenci es 
p rov i s i on  f o r  a d d i t i o n  o f  CTCS tones f o r  
"Ca l l A l e f t "  home address tone decoder 
"Pr l  vate Line" b lock ing  tone decoder on a l l rad ics ;  
b lock ing  tone encoder on selected 
supervisory rad ios  
Prov i  s lon  f o r  externa l l y  ad jus tab le  squelch 
Prov is ion  f o r  f l e x i b l e ,  tuned, bandol l e t  antenna w i t h  d l  r e c t  conneci ion 
t o  t r a n s m i t t e r  power a m p l i f i e r ;  a l so  f o r  f / f  swl tchlng.  For swiichina: 
1 2  
n o r m  I 1 y  on f f Tx "rode" se l  e c t i  on on f r o n t  pane l enab l es 
1 '  2 
sw i t ch  " l i n e "  t o  antenna, ac tua l  s w i t c h i n g  c o n t r o l l e d  by Tx 
key 
Antenna " re tun  i ng" f o r  o t h e r  cnanne l s c o n t r o  l l ed by i n te rna  l ad j usiments 
Normal ope ra t i on  v i a  aud io  t ransducer  on Por tab le  case and PTT key on 
P o r t a b l e  case; p r o v i s i o n  f o r  speaker mike opera t i on  w i t h  no ise  cancel1 i n s  
m i  crophone; f r o n t  panel key i ng c o n t r o l  and s i  detone f o r  tone s i  gna l  l  i ng 
Frequency Range 300 - 1000 kHz 
minimum o f  4 channels pe r  r a d i o  
Modulat ion Type FM vo ice  ( m = I ) o r  tone s i g n a l  l i n g  
I n t r i n s i c a l  l y  sa fe  design 
Power S upp l y  
Envi ronmenta l 
Transrni t t e r -  
Power Leve I 
biodul a t  ion  
Exc i t e r  
Frequency Stab i  l i t y  
S igna l  l i n g  Tone 
VSWR P r o t e c t  i on 
Rece i ver- 
Noise F igu re  
Receive System S e n s i t i v i t y  
( i nc l ud i ng antenna ) 
Image and IF  Re jec t i on  
rechargable nickel-cadmium b a t t e r y  w i t h  
minimum 8-hour b a t t e r y  l i f e ;  o r  ex te rne l  
cap lamp b a t t e r y  
-20 deg C t o  +60 deg C 
sealed waterproof  high-impact ~ l a s t k  case 
5 wa t t s  
narrowband FP! vo ice  ( m = I )  
+ 3 kHz d e v i a t i o n  - 
phase-locked-loop t ype  
f o r  voi ce  m d u  I ate6 waveform: 
12 dB/octave t o  I  l  - o f f  above 13 %Hz 
10 dB bandwidth 8 kHz nomi na l 
0.0082% o r  b e t t e r  
s i n g l e  tone I n  700-100 Hz range 
t r a n s m i t t e r  s h a l l  be operab le  i n t o  any 
load w i t h o u t  damage 
6 dB maximum 
-33.7 dB o r  b e t t e r  above I  uamp/mefsr 
B e i t e r  t han  60 dB r e  l a t  i ve t o  3.2 uvo l t 
AGC 
Tone S i gna 1 1 i ng 
accomodate I rnpu l se noi  se envi  rcnment w i t n  
maximum 3 dB g a i n  r e d u c t i o n  
18 dB peaks above background no l  se 
o f  333- 1 000 usecond d u r a f  i on e w r y  
2-6 rnl l l l seconds 
300 Hz nornlnal I F  f l  l t e r  activating 
v i s u a l  i n d i c a t o r  and s ide tcne 
Antenna- 
F l e x i b l e ,  m u l t i - t u r n  loop  antenna a t tached d i r e c t l y  t o  r a d i o  
Nomi na l Area 
Nominal NA 2 1.25 rn t u r n s  
N I  A f rom 5-watt Tx 1.5 nominal 
Provides f i x e d  r e s i s t i v e  paddlna t o  12 kHz mlnimum 3 dB bandwidth, 
f i xed res  i stance adequate t o  p r o v i  de c u r r e n t  l i m i  ti ng f o r  i n t r l  n s i  c 
s a f e t y  from a 4.5 VDC b a t t e r y ,  pe r  UL-9 13 
4.2 VEH l CULAR RAD I0 . . Same s p e c i f i c a t i o n s  as f o r  P o r t a b l e  r a d i o  w i t h  t h e  f o l l o w i n g  changes/ 
except  ions  : 
Prov i  s i o n  f o r  ri g i  d ex terna l antenna, connect ion  v i  a untuned length o f  
50-ohm coax ia l  cab le  p l u s  a s w i t c h i n g  key l i n e  
Normal ope ra t i on  v i a  P l l  no i se  concel i n g  e x t e r n a l  microphone and a 
separaie e x t e r n a l  l y mountab 1 e loudspeaker 
Power Supply 13.6 VDC from v e h i c l e  b a t t e r y  o r  
270 VDC t r o l  ley sourve; 12 v o l t  
i n t e r n a l  standby b a t t e r y  w i t h  
automat i c sw i tchover  p rov  I s I on 
Rece i ver- 
Rece i ve System Sens i ti v i  t y  -27.0 dB or b e t t e r  above I uamp/meter 
( i nc l ud i ng antenna 1 
Antenna- 
R i g i d  m u l t i - t u r n  loop antenna w i t h  se l f -conta ined matching and f , / f Z  
swi tch ing ;  antenna wind ing p r o t e c t e d  by an e l e c t r o s t a t i c  s h i e l d  
Nomi na l Area 
Nominal NA 2 1.67 rn t u r n s  
N I  A from 5-watt Tx 0.82 
F rov i  des i i  xedresi  s t i  ve  adding inheren t  i n  w i  nd in9 t o  12 kkz rbi n i  mur 
3 dB bandwidth, t h e  h igh impedance deslgn p rov i d i ng  inherent  I n t r i n s i c  
sa fe t y  p r o t e c t i o n  from a  nominal 12 VDC source 
4.3 BASESTATION 
Functiona I -  
P rov is ion  f o r  channel i r e d  operat ion;  changing channel s  requi  r l  ng simp I e 
adjustments i n t e rna l  t o  t h e  r ad io (  n o t  accessable v i a  t he  ex terna l  c o n i r o l s l  
P rov i s i on  f o r  m u l t i p l e - l i n k  operat ion;  d i r e c t  t ransce ive  operat ion from 
Base S t a t i o n  locat ion,  p rov i s i on  f o r  con t ro l  o r  mare than one add i t i ona l  
Remte Base Repeater; separate loudspeakers f o r  each l i n k  
Per channel : 
Reception on e i t h e r  f I # f2 '  
o r  baseband audio 
Transmi t one i t h e r  f , 
+2' 
o r  baseband audio 
Frequency plan- provides f o r  3 se lec tab le  f r o n t  panel o ~ e t a i i n c  modes 
'I Loca I " t r ansm i t  f no CTCS 
rece i ve f  no CTCS 
"Remote Base" transrnf t f2 no CTCS, o r  baseband audic 
mrecieve f no CTCS, o r  baseband aud i c  
2  
"Remte/Mab I l e transmi t f2 CTCS 
Un i t" rece i ve f ,  no CTCS 
s  i ngi e  tone encoder fo r  use w f i h  both t r ansn l  t 
frequencies 
p rov i s i on  f o r  additional CTCS tones f o r  
"Ca l l A l e r t "  home-tone encoders f o r  each Por iab l e /  
Vehicular  r ad i o  on which Cal I -A l e r t  
I s i mp l emented 
"Pr i va te  Line" b lock ing  tone encoder; poss ib le  
b lock ing  tone decoder 
Prov i  s  i on  f o r  externa I l y ad j ustab l e sque l ch 
N o r m  l opera t i  on v i  a t ab  l e  m i  crophone w i t h  I ntegra l o r  foot-actuated PTT 
sw i tch;  separate loudspeakers f o r  d  i r e c t  t ransce  T ve and each Remote Ease 
l i n k  
P rov i s i on  f o r  d i r e c t  termination o f  mine phone I ine taps f o r  Remfe base 
l i n k  con t ro l  
Prov i  s i o n  f o r  e i t h e r  m n o f  i l  a r  mode ( conductor  coup l  ed ) o r  d l  r e c t  
r a d i a t i o n  on t r a n s c e i  ve 1 ink;  o r  sf mu1 taneous e x c i t a t i o n  o f  bo tn  
conductor  coup led and d i  r e c t  r a d i a t i o n  t ransmi s s l o n  
Genera l -  
Same as f o r  Po r tab le /Veh icu la r  except  f o r  
Power Supp l y  
Envi ronmenta l 
Transmi t t e r -  
1 15 VAC loca l source w i t h  12 VDC b a t t e r y  - 
backup 
-20 deg C t o  6 0  deg C 
t a b  l e-muntab l  e  case 
Same as f o r  Po r tab le /Veh icu la r  
Rece i ver- 
Same as f o r  Portab l  e/Veh i c u  1 a r  except  f o r  
Receive System S e n s i t i v i t y  -49.3 dB o r  b e t t e r  above I uamp/neter 
( i n c l u d i n g  antenna) when base s t a t i o n  antenna i s  used 
Antennas- 
Mu l t i  - t u r n c u r r e n t  t rans fo rmer  f o r  m n o f  l l a r  node couo 1 i no w i t h  se l f -  
conta  i ned match i ng and sw i t c h  i ng 
N,A, I parameters s i  m i  l a r  t o  Por tab le  
S ing le - tu rn  tuned antenna, tuned t o  f  on ly ,  
Nomi na l Area 
4,4 REPEATER RAD l OS 
For a l  1 f  / f  repeaters,  t h e  f reuuency separa t i on  p e r  channel sha l 1 be 
1 2  a  m i  n i  mum o f  10% o r  75 HZ,  whichever i s  g r e a t e r  
4,4,1 REWTE BASE 
Funct iona i-  
Opt ion  p r o v i d i n g  f o r  e i t h e r  baseband audio o r  f on c o n t r o l  l i n k  t o  Sass 
S t a t i o n  v i a  b i f i  t a r  phone l i n e  m d e  
2  
Per channel : 
Frequency p 1 an- 
rece  i ve f  na CTCS, o r  basebard a u d i o  2 
on w l r e l i n e  l i n k  
f !  CTCS on "F l i n k  
transmi t f no CTCS, o r  baseband audio 2 
on w i r e l i n e  l l n k  
Power Supp l y 
f l  no CTCS on b1F I i n k  
1 17 VAC w i t h  rechargab l e b a t t e r y  backup f a r  
24-hour operat ion a t  15% reoeat, 85% 
standby, w l t h  an ex terna l  i n d l c a t l o n  o f  
b a t t e r y  cond i t 1 on 
For t e s t  and mai n t a  i nance, p rov i  s 1 on f o r  l  oca l operat  i on from I nterna l  
handset w i t h  no ise cancel l i n g  microphone 
Genera l -  -
Same as f o r  ?or tab le /Vehicu lar  except f o r  power supoly ( per  above and 
Sea I ed waterproof and r u s t  res  i s t a n t  wa l l ornountab l e case 
Transmi t t e r -  
Same as f o r  Portab le/Vehicul  a r  exceot f o r :  
E x c i t e r  f i  l t e r i n g  Provide add i t i ona l  filtering of  phase- 
locked-loop e x c i t e r  output  sc a s  to 
achieve a m i  n i  mum of  24 dB/ocTave r o  l  I - o f f  
above 10 kHz 
Note: c o m o s i t e  voice modulation spectrum and 
e x c i t e r  f i  l t e r i n g  shout d ~ r o v i d e  a r c l  ! -o f f  
above 10 kHz o f  36 dS/octave 
Rece i ver- 
Same as f o r ,  Portab l e/Veh i cu l  a r  
Antenna- 
S i  ng le-frequency-tuned cu r ren t  t ransformer  ( f on I y > w i t h  id,A,  I parameters 
s i m i  l a r  t o  Portab l e antenna I 
4.4.2 LINE AMPLl FIER, LINE COUPLER, & REMOTE REPEATERS 
Spec i f i ca t i ons  a re  t he  same as f o r  Remote Base except f o r  
Funct i ona l -  
Connec t i v i t y  t o  an tennadcur ren t  t ransformers  d i f f e r  f o r  each type; the  
reader i s  r e f e r r e d  t o  Sect ion 3.2.2 f o r  these d i f fe rences .  
Fer channel: 
Frequency p I an- 
rece i ve 
t ransml t 
f2 CTCS 
f ,  no CTCS 
C o n s i s t i n g  o f :  
Termi nated ded i ca ted  w i r e  coup I  e r  
Magnetic c u r r e n t  probe ( s l  m i  l a r  t o  Stoddard c u r r e n t  probe ) 
t h e  c h a & c t e r i s t i c s  o f  these devices a r e  a m a i t e r  o f  d e t a l  led design, i f  
used, and remain t o  be determined - 
Fixed m u l t i - t u r n  loops 
these antennas/ t ransformers w i l l  have  eram meters s i m i l a r  t c  thcse o f  i h ?  
p o r t a b l e  antenna; t hese  rep resen t i ng  " f i e ld -exped ien t "  c o u p l i n c  devices. 
4.6 PASSIVE LINE EXTENDERS 
S p e c i f i c a t i o n s  t o  be determined 
5.0 COMPEND l UM OF FOUNDAT l ON TECHNOLOGY ELEFiENTS 
T h i s  s e c t i o n  presents s u m a r i e s  o f  data, t heo r ies ,  measurerents,and 
analyses compr is ing  t h e  foundat ion resources f o r  t h e  c h a r a c t e r i z a t i o n  
o f  MF systems. Fami l i a r i  ty w i t h  t h e  contents  o f  t h i s  sec t i on  w i  l l 
p rov ide  t h e  reader w i t h  an overview o f  t h e  s t a t e  o f  MF technology. 
Th is  overv iew can serve as a base l i ne  f o r  ex tens ion o f  the  technology. 
To enable MF system performance computat ions i n  coal  mines, data and/or 
t h e o r i e s  a re  r e q u i r e d  i n  t h e  f o l l o w i n g  t o p i c a l  areas: . 
Quasi -conductor- f ree transmission - magnetic f i e l d  
s t r e n g t h  vs range i n  coa l  seams vs frequency 
Magnetic f i e l d  coup l i ng  t o  mine w l r i n g  conductors - 
c u r r e n t  coup l i ng  c o e f f i c i e n t  between t r a n s m i t / r e c e i v e  
antennas and conductors vs t ransverse range and f resuency 
f o r  t h e  seams o f  i n t e r e s t  
Mono f i l a r  mode conductor  t t t e n u a t i o n  - t h e  a t t e n u a t i o ~  o f  
a "matched" transrni ss ion  system vs frequency f o r  each, 
seam o f  i n t e r e s t  
Monof i i a r  mode s tand ing wave r a t i  o and j u n c t i  on losses - 
est imates  made from conductor-proxirni t y  f i e l d  s t r e n g i n  
- measurements and from magnetic f i e l d  s t r e n g t h  mapplngs . 
Bi f i l a r  m d e  phone l i ne a t t e n u a t i o n  c h a r a c t e r i s t i c s  
i n c l u d i n g  j u n c t i o n  losses - assumed t o  be seam i n v a r i a n t  
E l ectromagnet i c noi  se - quasi -conductor-f ree  and monof i I z r  
mode no ise  es t imates  r e l a t e d  t o  t h e  t y p e  o f  mine, min ins  
opera t ions ,  and t o  opera t iona l l y  s i  ~n i f i cant  I oca t  i ons 
i n  mines; also, O i f i l a r  mode no ise  on phone l i n e s  
Type o f  modulat ion used and no ise  bandwl d t h  
L i s t  o f  t y p i c a  1 p r a c t i c a  1 equipment parameters 
- NIA and NA o f  antennas vs power leve I ; e f f e c t  c f  
antenna or1  e n t a t  i on 
- O ~ e r a t i n g  power l eve l  
- Operat ing frequency 
Receive system s e n s i t i v i t y  
Data w i l l  be provided i n  each o f  these t o p i c a l  areas i n  t h e  subsections 
t o  f o l  low. 
5. 1 MF PROPAGATION 
The measurement o f  quasi -cond uctor - f  tee n a ~ n e t  i c f i e  I d s t reng th  vs 
range and frequency and a n a l y t i c a l  f i t t l n g  o f  t h e  measured data t o  
a model has been performed i n  I 1  mines compris ing 7 seams and r o u g h l y ( r 3 f Q l - 1 5 1  
4 d i f f e ren t  geographi c areas. The ana l yses o f  t he  measured data has 
provided values f o r  t he  major const i  t u i  t l v e  parameters o f  rock 
( overburden/underburden and coal seam conductivities. The q u a d -  
conductor-free t ransmiss ion c h a r a c t e r i s t i c s  can, thus, be determined 
e i t h e r  from measured curves o r  from model computations f o r  t he  coal 
seams which have been addressed. 
The quasi-conductor-free t ransmiss lon has been character ized as a 
quasi-TEM mode between lossy para1 l e i  p l a t es  ( t he  overburden and 
underburden rock 1 w i t h  a lossy dielectric ( t h e  coal seam ) . ( r e f -  Z4.Z3-31) 
The ana l y t  i ca I resu l t s  prov ide t he  bas is  f o r  computi ng conductor 
coup l i ng  v i a  a technique ca l  led s c a t t e r  gain which considers t he  
comp l e t e  end-to-end path ( t r a n s m i t t e r  t o  rece i  ver  1 e f f e c t s ,  ( r e f .  9, 15) 
exc lud ing monofi l a r  mode a t tenuat ion,  from a remote t r a n s m i t t e r  ( f a r  
enough away so t h a t  t he  TEf.1 mode c h a r a c t e r i s t i c s  a re  es tab l  i shed 1. 
The s c a t t e r  gain i s  t h e  r a t i o  o f  t h e  rece i  ved magnetic f i e  Id s t reng th  
i n  p rox im i t y  t o  a conductor located near the  r ece i ve r  t o  the  f i e l d  
s t r eng th  i n  absence o f  t he  conductor, The range assumes t h e  r ece i ve r  
l i e s  d i r e c t l y  on t h e  sho r t es t  path from the  t r a n s m i t t e r  t o  t h e  
conductor ( perpendicu lar  t o  an assumed long s t r a i g h t  conductor 
ensemble 1, The rece i ve r  can, then, be t r ans l a ted  along t h e  conductor 
ensemble t a k i n g  account o f  monof i t a r  mode a t tenuat ion.  The s c a t t e r  ga in  
r a t i o  i s  an e a s i l y  measurable quan t i t y  and t h e  v a l i d i t y  o f  i t s  use 
has been c a r e f u l l y  es tab l ished i n  t h ree  mines, 
The monofi l a r  mode conductor a t tenua t ion  i s  est imated from t h e  quasi- 
s t a t i c  I i m i  t o f  t he  propag a t i  on constant  o f  t h e  lowest o rder  TK m d e  
on a lossy coax ia l  t ransmission l i n e  which has been conformal ly  
mapped i n t o  a conductor over an i n f i n i t e  plane in te r face .  Use o f  t h i s  
ana l y t  i ca l techn i que again depends on know l edge o f  t h e  rock conduci i  v l  ty 
as der ived from t h e  t h e o r e t i c a l  propagat ion model, ( r e f  *2-') 
Close coup I i ng t o  conductors vs t ransverse range from t h e  conductors 
( assumed to .be w i t h i n  t h e  e n t r y  con ta l n l ng  t h e  conductors ) depends 
on t h e  d e t a i l e d  geometry o f  t h e  e n t r y  c rossect ion and on t h e  conductor 
con f i gu ra t i on  occur r ing  i n  t h e  ent ry ,  i n c l ud i ng  veh ic les  ( I f  any 1. 
The c u r r e n t  coup1 ing  coe f f i c i - en t  I s  d i f f e r e n t ,  o f  course, f o r  t h e  
t r ansm i t  and rece ive cases. An important  f a c t o r  i s  t h a t  t h e  maxl mum 
p r a c t i c a l  t r a n s m i t , m n o f i  l a r  mode coup l ing achievable Is bounded. 
Coup l i ng measurements have been performed f o r  a s i mu I ated I n-mi ne 
s i t u a t i o n  on t he  surface, and coupf i ng  c o e f f i c i e n t s  have been computed 
f o r  comp l ex  e n t r y  c rossec t  i ona l geometries us i ng graph i ca l f l e l d 
mapping. B r i dg i ng  t h e  c l ose  and remote coup l ing  cases c o r r e c t l y  
requ i res  est imates o f  t he  geometric fa1 l -of f  law f o r  moderately sho r t  
d is tances away from the  conductor(s) .  An ana l ys i s  based on comparing 
measured and computed resu l t s  has been performed and compos i t e  c I ose/ 
remote coup l ing  curves have 'been developed. 
A prime mot ivator f o r  ea r l y  propagational R 8 D i n  the  MF frequency 
range has been the  se lec t ion  o f  optimum o r  near-optlmum operat i  ng 
frequencies. There i s  an optimum frequency range both f o r  quasi- 
cond uctor-  f  ree and cond uctor-p rox i  m i  t y  operat  i on from a remote 
t ransmi t ter .  A f o r t u i t ous  aspect o f  MF transmission i s  t h a t  the  
near-optimum operat ing frequencies are near ly  the  same f o r  the  fwo 
types o f  transmission. The frequency dependence cha rac te r i s t i cs  have 
been estimated by performing system ca lcu la t ions  and determining t+e 
maxi mum commun i c a t  i on range f o r  each frequency; the o p t  i mum f  requensy 
being t h a t  which gives maximum comonnication range. 
The b i f i l a r  mde  at tenuat ion cha rac te r l s t l cs  o f  a phone I  lne i n  a' 
large AC mine have been measured and analyzsd and these r e s u l t s ( r e .  
sugsest t h a t  s t a t i s t i c a l l y  i n  long runs w i th  many taps/ junct ions,  
the  junc t ion  losses approach 3 dB/tap; also, moderate runs give 
about 6 dB/tap. On a per-tap basis, the  losses can be s i g n i f i c a n t l y  
areater. .. 
MF propagation i nforrnat ion and character i  s t  i c s  g i  ven i n t h  i s subsecf i on 
w i  I  l proceed from the  m s t  general and/or most s i g n i f i c a n t  t o  the  
m s t  deta l led. 
5.1.1 SUMMARY CHARACTE2ISTICS 
The maxi mum commun i ca t ion  range character i  s t  I cs vs frequency f o r  the 
several seams provi  de the broadest overview o f  po ten t ia l  MF system 
local area performance coverage wi thout  the  use o f  repeaters o r  o f  
b i f  i l a r  mode transmi ssions. Much greater  range, even without repeaters, - 
cab be achieved, o f  course, w i t h  c lose coupl ing t o  conductors. ~ h e s e  
maximum communication range curves were d.eveloped considering a 
t ransmi t  NIA o f  2.5 and receive system s e n s i t i v i t i e s  commensurate w i fh  
the  C o l l i n s  prototype FM radios i n  medianwine-noise and set-noise- 
l  imi ted operation; a set-noise 1 irnited sens i t l  v i t y  o f  -35.5 dB above 
I  uarnpheter beins assumed. These curves should be used t o  compare 
seams and ranges genericai ly. The o r i g i n a l  N I A  o f  2.5 was t h a t  expected 
from a 20-watt Portable i n t o  a separate( not  In tegra l  1 antenna metchea 
t o  50 ohms. We have since determined t h a t  a Portable rad io  NIA o f  1.5 
developed from an approximate 5-wat t  t r ansm i i t e r  using a more e f f i c i e n t  
antenna i s  more representat i  ve. A l  so, we have s i  nce determined t h a t  
median-mine-noise, wh i le  an e a s i l y  def inable statistic, has l im i t ed  
operat ional  s ign i f icance.  Curves o f  maximum comnunlcation range are 
shown i n  Figure 29 represent ing a l l  seams i n  which t e s t i n g  was conducted. 
The u i mate cornmun i ca t i on  range I s more near l  y apparent by cons i der 1 ng 
curves o f  excess signal  margin vs e i t h e r  range between rad ios employing 
d i r e c t  through-the-seam transmission i n  absence o f  conductors; o r  e lse,  
vs t ransverse range from an assumed monof i 1 a r  conductor ensemb l  e ( b r i  dg i ng 
between the  c lose  and remote coupl ing theor ies  1. Curves have been 
prepared f o r  the Upper Freeport seam f o r  several combinations o f  Radio 
Termi na l :.E I ements w i thou t  repeaters a t  a representat  i ve f rsquency o f  
890 kHz. 
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Tne excess s igna l  margins from these curves a re  conver tab le  t o  range 
est imates emp loy ing  a known f a c t o r  o f  dB/meter o f  a t tenua t ion  a long 
a m n o f i l a r  conductor ensemble o r  e l se  known dB/100 f e e t  f a c t o r  f o r  
d i r e c t  through-the-seam transmission. Assumptions embodied i n  t h e  
curves inc lude:  
Power l eve1 a l  I RTE's 5 wat ts  
Portab l e t r ansm i t  NIA = 1.5, 1 = 1.2 amps 
Vehicular  t  t  " "0.82, 1 = 0.49 amps 
Base S ta t i on  
Receiver range 
Noise t ype  
t i g h t l y  coupled, 
1.2 amos i n  c u r r e n t  t ransformer  
-28 dB t r ansm i t  c u r r e n t  coup l i ng 
c o e f f i c i e n t  ( max coupl ing  l i m i i  ) 
Po r tab le  avg. 2 meters from conductors 
Vehicu lar  avg. 3 meters  fro^ conductors 
f ace-no i se- I i m i  t e d  o r  set-no l se- I i m i  tsd 
t y p i c a l  f o r  AC mines 
Por tab le  face-noise-l imited 
Veh i c u l  a r  set-noi se-l i m i  t e d  ( face 
and s e t  no ise l eve l s  nea r l y  
. - equa I 1 
Receive s e n s i t i v i t y  Por-Fable -33.7 dB above I uamp/metsr 
( 6 dB no ise f i g u r e  Vehicular  -27.0 " I t  I t  I t  !I 
rece i  ver  assumed Base S t a t  i on-49.3 " t ~  t t  11 I t  
The excess s igna l  margin vs range curves a re  given i n  F igure  30 . For 
conductor a t tenuat ion,  t h e  f a c t o r  i s  0.01896 dB/meter @ 890 kHz. For 
quasi-conductor-free a t tenuat ion,  t h e  f a c t o r  i s  17.7 dB/100 feet .  Tne 
excess s i gna l margi ns are, o f  course, h i gher f o r  d i r e c t  through-the-seam 
t ransmiss ion because t h e r e  i s  no coup l ing  loss i n t o  and o u t  o f  conductors. 
Once cu r ren t  i s  coupled i n t o  conductors ( t he  m n o f i l a r  mode i s  exc i ted  1, 
then t h e  a t t enua t i on  along t he  conductors i s  much lower. A sumnary o f  
quasi-conductor-free a t t enua t i on  r a tes  vs frequency f o r  6 seams and I Q 
mines i s  g iven i n  F igure  31 . 
A f i na i summary o f  expected maxi mum m n o f  i i a r  mode commun i c a t  i on ranges 
f o  I iows, as computed f o r  t h e  Upper Freeport  seam. 
For a cont  i nuous conductor s t r i  ng w i thou t  stand i ng waves o r  taps/branches 
and f o r  Radio Terminal E l e m n t s  w i t h  t h e  above c i t e d  c lose  coupled spacings 
f o r  both  t r a n s m i t t e r  and rece i  ver  ( antenna centers  t o  conductor ensemb t 2 
cen te r  1, t h e  maximum communication ranges along t h e  conductor s t r i n g  are: 
( 1 )  I n  an AC mine 




4019m ( 2.50 mi les  1 
3428m ( 2.13 m i les  1 
6096m ( 3.79 m i  les  1 


( 2 )  I n  a DCmine w / b e l t  haulage 
2ad i o  t y p e  Range Along Conductors 
P-P 2727m ( 1.69 m i  l e s  1 
2136m ( 1.33 m i l e s  1 
4805m ( 2.99 m i  l e s  1 
( 3 )  I n  a  DC mine w i t h  t racked  haulage & no t r o l  leyphone 
i n t e r f e r a n c e  




1013m ( 0.63 m i l e s  1 
422m ( 0.26 m i  l es 
309lm ( 1 .88 m i les  1 
t h e  ri ne t y p e  d i f ferences be i ng t h e  no i se 1 eve l s exoer i enced ; these 
o p e r a t i o n a l l y  s i g n i f i c a n t  types t o  be shown i n  Sect ion  5.2. 
Close e x a ~ t ~ n a t i o n  o f a  g r e a t  deal o f  magnetic f i e l d  s t r e n g i h  d a t a  has 
r e s u l t e d  i n  t h e  f o l l o w i n g  expec ta t i ons  f o r  monofi f a r  m d e  s tand ing  wave 
l e v e l s  and tap  losses: 
For stand i.ng waves 
+ 3 dB i n  long 'haulageways w i t h  t a p  spaclng o f  a t  l eas t  In63 f e e t  
0 
+ 4 dB i n  submains w i t h  approximate 400 f o o t  t a p  s p a c i n ~ s ,  - 
s i n g l e  t a p  
+ 6 dB i n  submains w i t h  approximate 400 f o o t  t a p  spacings, 
0 
doub l  e t a p  
+ 6 dB i n  conductor-dense areas i n  sec t i ons  near cen te r  o f  sec t i ons  
0 
+ IOdB i n  conductor-dense t racked,  b e l t e d  sec t i ons  w i f h  s e r v i c e  - 
t r a c k s  
Note: 2 I0 db was a i  so measured l n  Lucerne $8 
For taps /  j unc t  i ons 
-3 dB/s i ng l e  t a p  
-5 dB/doub l e  tap  
For a  l a rge  s c a l e  overview, t h e  f o l  lowing average c o n d i t i o n s  may be assumed: 
I each NS o r  EW mains sp l it -3 dB 
I each submain s p i  it -3 dB 
( A )  For haulage areas 
2 each doubt e  taps  
o r  
4 each s i n g l e  taps  
g i  v i  ng an aggragate approxl  mate loss  t o  cons ider  o f  -22 t o  -26 
dB w i t h  respec t  t o  a  f l a t  untapped l l n e  
- 
(81 For s e c t i o n  areas 
2 each s i n g l e  taps  -6 dB p l  us + I0 dE VSWR 
g i v i n g  an aggragate approximate loss  o f  -22 dB 
Note t h a i  t h e  assumption f o r  bo th  haulageway and s e c t i o n  areas produce about 
t h e  same loss  es t ima te  o f  -22 dB i n  s i g n a l  margin due t o  t h e  combinat ion o f  
s tand ing wave and j u n c t i o n  e f f e c t s  under average conditions. Under t h i s  
assumpt i on, t h e  c  l o r e  l y  coup l ed maxi mum cornmun i c a t  i o n  range e s t  i maies 
a i ong cond u c t o r  s t r  i ngs w i t h o  u t  repeaters  becomes : 
( 1 )  i n  an AC mine 






Range Along Conductors 
3138m ( 1.95 m l l e s  
2859m ( l,78 m i  i e s  1 
2268m ( 1.41 m i l e s  1 
4937m ( 3.06 m i  l e s  1 
3729m ( 2.32 m i  l es  
(2 )  I n  a  DC mine w / b e l t  haulage 
F-P I566m ( 0-97 m i  l es  1 
976m ( 0-61 m l l e s  1 
3644m ( 2.26 m l  l e s  1  
2437rn ( I ,5 1 m i  I es 1  
1846m ( 1.15 m i l e s  1  
B i f i l a r  m d e  conductor  a t t e n u a t i o n  f o r  f l a t  t w i s t e d  p a i r  phone l i nes ,  
w i t h o u t  taps/branches,vs frequency i s  sumnarized f o r  d i f f e r e n t  w i r e  guages 
i n  F i  gure 32 . Phone 1 i ne a t t e n u a t i o n  measurements a t  MF frequenct es 
i n c l u d i n g  taps, to-date, a r e  l i m i t e d  i n  ex tent ,  b u t  i n d i c a t e  t h e  e f f s c t s  
o f  s t a t i s t i c a l  averaging ove r  long runs a t  h igh  MF f requencies ( near 
1000 kHz 1 f o r  a  la rge number o f  taps, I n  average terms, f o r  numbers o f  
t aps  g r e a t e r  than  1-2 and less  than  about 10, t h e  a v a i l a b l e  data I n d i c a i e s  
6 dB/tap ( based on c u r r e n t  sp l  I t  1.  For l a r g e r  numbers o f  taps, The 
average a t t e n u a t i o n  p e r  t a p  i s  expected t o  approach 3  dB/tap. 
- ! '  . ' 
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5.1.2 QUASI-CONDUCTOR-FREE TRANSI4ISSlON 6 CONSTlTUlTlVE PARAMETER AtIALYSIS 
Representat ive fami 1 i es  o f  curves o f  magnetlc f i e l d  s t reng th  vs range 
and frequency f o r  each o f  t he  seven seams a re  given i n  F igure  33 f o r  an 
assumed t r ansm i t  NIA = 2.5. These curves may be used d i r e c t l y  t o  o b i a i n  
range a t t enua t i on  est imates. 
The quasi-TEM mode 3-layer m d e l  ana lys is  p u t  f o r t h  by Ar thu r  D. L i t t l e ,  inc. 
cons i s t s  o f :  (ref'. 24,281 - 
NIA (aZ  +@ 2 I 3/4 - w r  
I-! = e  amperes/meter 
Where, r i s  t h e  range i n  meters 
W ,  fl are  respect  l ve l y t he  rea l and l mag i nary pa r ts  
o f  t he  propagat i on constant  gi  ven by 
h i s  the  seam hei  gh t  i n  meters 
Sr i s the  overburden/underburden sk i  n 
depth i n  meters 
dc, 4, are respect  i ve l  y t h e  coa l seam 
and rock c o n d u c t i v l i i e s  
€ i s  t h e  d i e l e c t r i c  constant  o f  the coal 
C taken t o  be always equal t o  6 
Th is  m d e l  has been demonstrated t o  reproduce t h e  measured data accurate ly  
beyond a  range o f  approximately I / <  i n  t h e  200-900 kHz range t o  w i t h i n  
about 6 dB o r  less. 
Carefu l  curve f i t t i n g  has produced t he  f o l l o w i n g  rock and coal seam 
c o n d u c t i v i t i e s  as shown i n  Table I  . Using t he  above fo rmu la i i on  w i t h  
rep resen ta t i ve  c o n d u c t i v i t i e s  from t h e  t a b l e  f o r  t h e  seam o f  i n t e res t ,  
range a t t enua t i on  est imates may be made i n  l i e u  o f  us ing t h e  measured daia. 
- ---- ,- I '  ! I : :  I . : . I  i I . 

TABLE I 
DERIVED COAL SEAM AND ROCK CONDUCTIVITIES FROM CURVE FI lT ING 
TO MEASURED DATA US l NG THE ADL SLAYER ANhLYS 1 S FnODEL 
CONDUCT l V l TY CONDUCTIVITY 
COAL MINE SEAM COAL, FJHC>/M ROCK, PWO/M -
IRELAND ( IST PITTSBURGH 2.0 x 10:: 
VISIT)  1.4 x 
IRELAND (2ND PITTSBURGH 1.0 x 10 
VISIT)  
l NLAND STEEL l . ~  
# I  (SESSER) HERRIN #6 
CONSOL #95 0.3 x low4 
( ROB. RUN)PITTSBURGti 
FEDERAL # I  P ITTSBURGH 0 . 2 6 ~  1 o - ~  
( EDDY 
VP # i  
-5 
POCAHONTAS 3 x loo5 
# 3 3 x log5 
6 x log3 
PEABODY # I  0 HERRIN #6 4 x 10 
MARGARET # I  I UPPER -4 1.6 x 
FREEPORT 1.2 x l OO5 
ADR l AN UPPER 3.4 x 10 
FREEPORT 
NANTY GLO LOWER -5 6.2 x 
KITTANING 6.6 x l oW5 
EHREN FELD LOWER 6.3 x 10 
FREEPORT 
STINSON 13  ELKHORN #3 3.0 x 1 0 ' ~  
3.0 1 3-SOUTH, ENTRY A 
0.0077 3-SOUTH, ENTRY 0 
0.017 2-NORTH,#I PLOW 
0.3 IMklN SOUTH,lST WEST 
2ND NORTH 
0,3 I-SOUTH 5 i  EAST/ 
I-SOUTH JUNCTION 
0.013 TX,RX IF.1 SAME ENTRY 
0.006 TX,RX ONE ENTRY APART 
0.0019 
The quasi-TEM mode o f  t ransmiss ion i s  e x d t e d  using t h e  HMO ( ho r i zon ta l  
magnetic d i p o l e  ) o c i e n t a t i o n  o f  t h e  t r ansm i t  and rece ive  loop antennas 
which i s  t h a t  w i t h  t h e  loop planes o r i en ted  v e r t i c a l l y ,  The maximum 
coupl ing between t r ansm i t  and rece lve  antennas i s  obtained when the  
loop antennas are  f u r t h e r  o r i en ted  so t h a t  they a re  coplanar, Th is  
geometry i s  i l l u s t r a t e d  i n  Figure 34 . The l eas t  coupled s e t  o f  antsnna 
o r i e n t a t i o n s  are  w i t h  both antennas VMD ( v e r t i c a l  magnetlc d i p o l e  
w i t h  t he  loop planes ho r i zon ta l ,  One would expect t h a t  i f  both antennas 
were o r i en ted  HMO b u t  w l  t h  t he  loop p l  anes perpendicular ,  the re  wou I d  
be no coupl ing. Th is  i s  n o t  t he  case, however, ard  t h i s  type o f  o r i e n t a t i o n  
produces coup l ing t y p i c a l l y  I I dB below t h e  optimum coplaner case. A l l  - 
f u r t h e r  d i  scussions o f  quasi -conductor-f ree transmi ss ion w i l l assume ?he 
optimum coplanar antenna o r i en ta t i ons .  
OVERBURDEN 
COAL SEAM 
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / [ / / /  u/ 
MDERBURDEN 
Fl GURE 34 
COPLANAR LOOP OR I ErJTAT lot4 GEOMETRY FOR OPT I MUM 
TRANSI-1 I SS I ON US l NG OUAS I -TEK C9AL SEAbA MODE 

TABLE 2 
SUMMARY OF SHORT FORMULAS FOR SCATTER GA l N CALCULAT l ON VS COAL SEAM 
SEAM - FORMULA 
POCAHONTAS #3 
LOWER FREEPORT 
UPf ER FREEPORT 
LOWER K l TTANN I NG 
( I  Choose ranges, and %, o f  t h e  t r ansm i t  and rece lve 
antennas ve ly  from t h e  conductor(s) ;  t h e  sho r t es t  
poss ib le  perpendicu lar  d istances 
(2)  Obtain t h e  magnetic f i e 1  d  s t reng th  a t  t h e  conductor 
l o ca t i on  assuming t he  conductor t o  be absent, us lng F$ 
as t h e  range ( quasi-conductor-free f i e l d  s t r eng th  curves; 
o r  else, ADL1s model 1, p roper l y  scaled t o  account f o r  t h e  
ac tua l  transmi t N I A 
( 3 )  Mu l t i  p l y  t h e  f i e l d  s t reng th  o f  ( 2 )  by t h e  s c a t t e r  gal n 
r a t i o  ( o r  add dB as c o ~ p u t e d  f o r  t h e  seam o f  i n t e r e s t  
from the  t a b l e  
( 4 )  Reduce t h e  f i e l d  s t reng th  o f  ( 3 )  by t he  a t t enua t i on  
corresponding t o  t h e  t r a n s l a t i o n  distance, I f any, o f  
t h e  rece ive antenna l oca t i on  along t h e  conductor from 
the  sho r t es t  path l oca t i on  
The m n o f i  t a r  m d e  conductor a t tenua t ion  i s  given approximately by t he  
f o  l low i ng norma I i zed a t tenua t ion  constant  expres i ton : 
Where, a  i s  t he  d is tance from t h e  conductor c e ~ t e r  
t o  an assumed f l a t  I n f I n i t e  conducting 
i n t e r f a c e  ( d is tance t o  t he  rock ?redominates 
a. 1s t he  conductor rad ius  
I 
Taking k  = 2 T i / p  and m u l t i p l y i n g  by 8.686 t o  change nepers t o  dB, the 
a t t enua t i on  constants are r e a d i l y  express ib le  I n  dB/meter a t  any p a r t i c u l a r  
frequency o f  i n te res t .  
Short  formulas f o r  t h e  p a r t i c u l  a r  seam a t tenua t ion  constants are  given I n 
Table 3 using a/ai = 9 and Zo = 50 ohms. 
Except f o r  very s h o r t  ranges const  1 tuti ng c  1 ose coup I i ng, t h e  optimum 
o r i e n t a t i o n  o f  t h e  remate t r a n s m i t t i n g  antenna f o r  conductor coup l ing  i s  
w i t h  t he  loop plane perpendicu lar  t o  t h e  conductor. 
To i l I u s t r a t e  t h e  va l ues t y p  i ca l l y taken on by t h e  s c a t t e r  ga i n  r a t i o  and 
t o  show correspondance t o  measured data, p a r f l c u l a r  comparisons o f  
measured and computed s c a t t e r  ga I n  a r e  g i  ven i n  Tab l e 4 . 
TABLE 3 
SUMMARY OF SHORT FORVULAS FOR COi4DiiCTOFi ATTENUATION VS 
COAL SEAM ( BASED ON SINGLE CONaLCTOR GEOMETRY 
SEAM -
P l TSBURGH 
POCAHONTAS #3 
HERRIN #6 
LOWER FREEPORT . 
UPPER FREEPORT 
FORMULA 
LOWER Kl T A N N  i NG 4 = 0.22171 ~3/Vr'@ I MhZ 
NOTE : ASSUME- H l S PROPORT I ONAL TO FREQUENCY 




WONE L l N e  




COWARISONS OF MEASURED WD COWUTED SCAVER 
GAINS I N  THREE Mll4ES 
. a -. . . . . . 
COT~PARISON OF MEASUWD 6 COMPUTED SCATTER GAINS 
MARGAeT 1 1 1  MINE - UPPER FREEPORT SEAM 
FULL FOW SHORT FOFIN 
0.25 -26.0 -15.6 10.4 NOTE: AC POHE?. CABLE W S T  HAVE ' 
0.25 -41.5 -20.7 20.8 BEEN OPEN CIRCUITED NEAR : 
THE MEASUREIENT A E A  ' 
3 . 7  -57.5 -42.8 14.7 
NO=: CALClJUTION ASSUMPTIONS 
Zo 5Q OHMS, FULL FORMULA 
25 OHMS, SHORT FOFWULA 
- .  - 
COMPARISON OF MEASURED h U N R I T E D  SCArlTR GAINS 
EHFENFELD 1 3 8  MlNE - LOWER FREEPORT SEAM 
FULL FOW SHORT FOFM 
M A S U E D  CAt:LA;ED CALCULATED 
%'MI GS (DB) FREQ(KHZ) ~ ~ ( D E I )  GS(DB) 
NOTE : CALCULATION ASSLMPT IONS 
. .- - .. --.-- . . _ _ _ _ _ _ _  
CWARI SON OF MEASURED 6 COMPUTED SCAVER GAINS 
NANTY ti0 1 3 1  MlNE - LOWER K l T T A l W l f f i  SEAM 
FULL FOIW 
MEASURED CALCULAED 




NOTE: CALCULATION ASSUMPTIONS 
A d i f  fe ren t  ana l y s i s  i s requi red f o r  'rclose coup l 1 ng" when the  i ransn i  t 
and/or receive antennas are w i t h i n  the  en t ry  conta in ing the conductor(s) 
o r  e l  se genera l  l y w i t h i  n one en t ry  o f  the  conductor entry.  For very c lose  
coupl ing w i t h i n  the  conductor entry, the  coupl ing c o e f f i c i e n t  i s  a 
funct ion o f  the transverse crossect iona I deta i l s approxi mat l ng the 
quas i - s ta t  i c f i e l d  d i  s t r i  bu t  ion over t he  crossect ion cons i der i  ng the 
antenna ( t ransmi t  case) o r  the m n o f i  l a r  conductor ( receive case t o  be 
t he  "DCr' source. For s i  mple geometry where the distance from an assumed 
s ing le  conductor t o  t he  antenna center I s  smaller than the  en t ry  
crossect ional  dimensions, t he  f i e l d  f a l l - o f f  i s  approximately l /r and the 
- 
correspond i ng transmi t and rece 1 ve cur ren t  coup l i ng coe f f i c i en t s  are 
given by; 
Where, R i s  the  loop antenna ser ies  resistance, ohms 
r i s  the  range I n  meters 
A I s  the  antenna area i n  meters 
2 
N i s  the  number o f  tu rns  
Where, Zo i s the monof I l a r  l i ne surge impedance 
( "matched monof i I a r  l i ne assumed ) 
A m r e  de ta i led  treatment o f  c lose conductor coupl ing w i l l  be given i n  
Section 5.4. As a p rac t i ca l  matter, t he  maximum coupl ing value f o r  
t r ansm i t t  i ng, C , i s bounded and i s  o f  the order  o f  -28 dB; t h i s  va I  ue 
havi ng been conTi rmsd both ana l y t i c a  l l y and empi-rica 1 l y. 
Beyond the  very c lose range, where the  range i s comparab I e t o  o r  greater 
than the  en t ry  crossect i  ona l d i menslons and much greater than the 
separat ion between the  monof i lar  conductor(s) and the  ,nearest  " re tu rn  
currentrr  conducting surface, the f i e l d  geometr ical ly f a l l s  o f f  a t  a 
much fas te r  rate.  Ass m t o t i c a l l y ,  t h e  f i e l d  i n  t h i s  intermediate range Y P  can f a l l  o f f  a t  a l/r r a t e  because t h i s  i s  t he  r a t e  a t  which the  f i e l d  
o f  a l  ine source imaged i n  a conducting in te r face  fa1 I s  o f f  along the  
interface. Based on measurements performed I n  t38 Rose Val ley  mine, 
f he geometric fa l l -o f  f  law was found t o  be i/r , Cunsi der i  ng t he  
sumnary data f o r  t he  Upper Freeport seam prev ious ly  shown i n  Figure , 
which bridged between the remote coupl ing and the  c lose coupling, the 
composite curve f a  l l s o f f  14 dB between 7.5 and 15 meters ( I 5  meters 
transverse range being the  pIv?t fb  t r a n  i t i o n  range f o r  t h i s  seam 1 .  
Computing the  fa1 I -o f f  f o r  I  /r -0CF e , t a k i n g ~ c t o  be 17.7 dB/130 feet, 
the  f a l l - o f f  i s  13.86 dB. The b r i dg ing  between regions f o r  t he  curves o f  
Fi gyre 30 assumed l/r geometric fa l l - o f f  t o  the edge o f  t he  en t ry  and 
I / r  geometric f a l l - o f f  beyond f o r  the c lose coupl ing before t he  composife 
curve(s1 was drawn, 
Measurements have been performed i n  conductor-dense sect ion area 
panels and i n  conductor-dense haulageways as exc i ted from a cen t ra l  
t r ansm i t t e r  a t  one end o f  the  area i n  oder t o  invest igate the  "area 
coverage" prov i  ded from mu l t i  p l e-exci ted conductor ensemb l as. Th i s 
has been accomplished by measuring t h e  f i e l d  s t rength a t  many points;  
s u f f i c i e n t ,  i n  de ta i l ,  t o  de f ine  mappings o r  contours o f  f i e l d  
strength,  Such a se t  o f  measurements was performed i n  the Upper Freeport 
seam i n  the  He lve t ia  Coal Co. Lucerne 88 mine, A f i e l d  map f o r  t h i s  
m i  ne i s i l l ust ra ted i n Fi gure 36 . 
A f i na l cons i derat  I on i n t he  conductor-proxi m i  t y  transmi ss i on area i s 
the  expected performance o f  a Passive L i  ne Extender. Assume t h a t  t h i s  
extender i s coup i ed i nto a m n o f  i l a r  conductor us i ng a current  
transformer w i t h  t he  parameters o f  a Portable antenna and w i th  a base 
s t a t i o n  antenna a t  the input end, as shown I n  Figure 35 , Assume t h a t  
the  maxi mum coup l i ng o f  -28dB 1 s ach i eved w i th  the cur ren t  transformsr. 
Consi der the examp l e t o  be appropr iate f o r  the Upper Freeport seam so 
t h a t  the greatest  range a t  which a Portable can normally f ie ld-couple 
i n t o  the  conductor i s  54 meters, For t h i s  case, the excess signal  
margi n above t h a t  required, M, i s  gi ven by: 
Where, H. i s  t he  inc iden t  magnetic f i e l d  
I 
A i s  the base s t a t i o n  antenea area ( one t u r n  
assumed 1, taken = 14,4 m 
R I s  the base s t a t i o n  loop antenna ser ies 
loop resistance taken = 66 ohms 
Rp i s the  portab I e antenna ser ies  resistance 
taken = 3.5 ohms 
The maximum range ( between base s t a t i o n  and por tab le  antennas t o  permit  
a usab i e  s i  gna 1 t o  be coupled i n to  t h e  monof i l a r  conductor i s 68 meters, 
assumi ng no transmi ss i  on l i ne loss. 
5 , 2  ELECTROMAGNETIC NOISELINTERFERENCE 
Noise represent ing opera t iona l l y  s i g n i f i c a n t  s i t ua t i ons  has only recen t l y  
been obtained i n  the MF region f o r  both w n a f l l a r  mode and b [ f i i a r  w d e  (ref.45 
phone l i ne transmission, P r i o r  t o  t h i s ,  the  on ly  avai l ab le  resource f o r  
MF noise was an ex t rapo la t ion  o f  lower frequency ( below 200 kHz ) ( r e f  -43-47) 
m o n o f i l a r m d e n o i s e d a t a o b t a i n e d b y N B S  .Theseex t rapo la t ionsare  
i l l ust ra ted i n F i  gure 37 . Consequent l y, previous system performance 
estimates were made using median-mine-noise from t h i s  curve, conveniently 
defined as 
'krn = 175.8 - 32.5 loolO f (hz) dB above one microamp/meter 
i n  a I 2  kHz bandwtdth, ( r e f  .A31 




mines because even i n  DC mines i n  quasi-conductor-free areas, f i e l d  
s t reng th  measurements were set -no ise- l imi ted;  t he  measuring equipment 
s e n s i t i  v i  t y  bei ng o f  t h e  o rder  o f  -40 dB above one rnicroarnp/meter. 
Thus, prev ious system ca l cu l a t i ons  were a l so  made us ing t h e  set-noise- 
1 i m i  t f o r  cornpari son purposes. 
The recen t l y  obtained mono f i l a r  node data i s  appropr ia te  f o r  use i n  
t he  en t r y  con ta in ing  t h e  conductors, w i t h  t h e  se t -no ise - l im i t  deemed 
as be ing appropr ia te  f o r  uze a t  remote coup l ing locations ( where t h e  
s c a t t e r  ga in  technique app l i es  1. The new no ise data has f u r t h e r  been 
p a r t i t i o n e d  according t o  DC and AC mines; and, f u r t he r ,  i n  DC mines 
f o r  t racked and t r a c k l e s s  haulage and a l so  account1 ng f o r  average 
t r o l  leyphone in te r fe rance  levels.  Although represent ing a l i m i t e d  
sampling o f  several areas i n  on l y  two mines, t he  new monofi t a r  mode 
data i s  i n  good agreement w i t h  the  la rge body o f  NBS obtained data 
below 200 kHz; thus,adding confidence t o  t h e  new data. 
The new m n o f i  l a r  mode data i s  shown i n  Figure 38 . Note,in p a r t f c u l a r ,  
t h a t  a s i n g l e  curve i s  appropr ia te  f o r  use i n  AC mines and, thus, f o r  
t r ack l ess  haulage communications s i tuat ' ions.  Fo r t u i t ous l y ,  the re  i s  arl 
abrupt  r o l  I-of f  i n  t he  noise frequency slope f o r  AC mines a t  frequencies 
above 200 kHz. 
The b i f i l a r  mode noise l e v e l s  have a lso  been b a r t i t i o n e d  according t o  
o p e r a t i o n a l l y  s i g n i f i c a n t  s i t u a t i o n s  i n  AC mines w i t h  a  s i n g l e  s e t  o f  
curves being appropr ia te  f o r  DC mines. The noise data i n  DC rninss, i n  
p a r t i c u l a r ,  has s i  gni f i c a n t  i mpuisi ve content  so t h a t  t h e  broadband 
no i se "  bandwidth r u l e "  cannot be appl ied.  Rather, t h e  data i s  ~ resen+ed  
i n  terms o f  30, 3, 0.3 kHz 6 dB bandwidths and t h e  30 kHz 6 dB bandwidth 
i s  appropr ia te  f o r  use w i t h  narrowband FM medi um frequency r a d i o  systems. 
The DC mine b i f l l a r  mode noise data i s  g iven i n  Figure 39 . The 
corresponding AC mine data i s  g i  ven i n  F igure A 9  . 
A system embodying t h e  use o f  repeaters  and/or Remote Base s t a t i o n s  w i l l  
resu 1 t i n  i n t e r f e r - a ~ e  f r i  nges i n  genera l  l y  we1 i -def i ned areas o f  t h e  
m i  ne due t o  the  s  i mu I taneous .transmi ss ion from two o r  mare sources. 
These f r i n g e s  w i l l  occur when t he  p o t e n t i a l l y  i n t e r f e r i n g  s i gna l s  a re  
near l y  o f  t h e  same ampi i tude.  The f o l  lowing in te r fe rance  cases a re  
poss ib le :  
Reception o f  "s imulcast"  type o f  s igna l  where t h e  sane 
"message" i s  being broadcast s imul taneously from two o r  
more t ransmi t te rs .  Th is  may c o n s i s t  o f  the  simultaneous 
broadcast f ram a  Base S ta t i on  and/or one o r  more Remotn 
Base s ta t i ons ;  o r  else, t he  recep t ion  o f  d i r e c t  and "rsoeated" 
s i gna l s  o r  t h e  recep t ion  o f  two o r  mare repeated s igna ls .  
I n  t h i s  type o f  transmission, us ing FM, t h e  mean square 
phase dev ia t i on  between sources must be less than a c e r t a i n  
value i n  o rde r  t o  rece ive  a g iven "grade" o r  q u a l i t y  o f  
transmi ss ion. 
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Reception o f  two d i  f f e r e n t  s igna l  s  from two sources 
t r a n s m i t t i n g  a t  t h e  same t ime because they p r e s u ~ b l y  
cannot hear each o ther ,  
In  t h i s  type o f  transml ssion, us ing FM, one s i  gnal must 
be g rea te r  i n  amp1 i tude by a predetermi ned va l  ue t o  
ensure a  g i  ven grade o f  serv ice ;  t h e  amp l i tude l l m i  t i  ng 
t he  maximum phase dev ia t i on  which can occur, t h i s  phasa 
dev ia t i on  be1 ng t h e  same as t h a t  f o r  t h e  s i  mu1 cas t  type 
o f  t ransmission.  
General ly, because o f  t h e  way i n  which systems w i l l  be l a i d  out, 
regions o f  po ten t i  a  l i n te r fe rance  can be "designed" i n  t o  l i e  i n 
mine areas o f  minimal operat iona l  significance. Also, f o r  t he  
second t ype  o f  i nter ferance,  t he  FM capture e f f e c t  w i  l l m i  nimi r6 
t h e  i n te r fe rance  zone s i'zes, 
For s imulcast  t ransmiss ion v i a  path  segments employ1 ng t h e  monof l l a r  
mode, t h e  phase "s l  i p" which can cause "beat notes" i n  t h e  i nter ferance 
reg ion w i  l  l probably be a f f ec ted  by phase path differences due more 
t o  i mhomgenei t ies  i n  t h e  coal  seam ra the r  than by t r a n s m i t t e r  frequency 
o f f - s e t  o r  audio phasing con t ro l .  The on l y  sure way t o  determine t he  
degree o f  t h e  problem i s  by experiment. 
Because t h e  wavelengths a re  much iqnger a t  MF than f o r  VHF(1n t h e  land 
mob i l e  se rv i  ce 1, t he  transmi t t e r  frequency stab i l i t y  cou l d be re laxed 
somewhat from the  suggested 0.00015%; however, t h i s  degree o f  s t a b i l i t y  
i s easy t o  meet. 
Let  us de f i ne  t he  mean square phase e r r o r  which can be t o l e r a i e d  wnlle 
s t i l l  meeting t h e  12 dB SlNAD ( 13.5 dB Hamshur S/N 1  t ype  o f  sa r v l c c  
requ i rement, 
Abramson has considered t he  case o f  a  c a r r i e r  phase m d u  l ated by a ( r e f .  1  
Guassian random process under both baseband and narrow band cond i t lons.  
He gives a  formula f o r  computing t h e  spect ra l  dens i t y  o f  such a  
m d u l a t i o n  process which i s  a  f unc t i on  o f  t h e  cen te r  f equency-to- 
bandwidth r a t i o  and t he  mean square phase dev ia t ion,  d . For t he  
case o f  I b  i t/Hz o f  bandwidth ( i n  d i g  i t a  i terms, t h e  gandw i d th  equa l l  i ng 
t h e  s igna l  l i n g  r a t e  1, t h e  above r a t i o  i s  e s s e n t i a l l y  u n i t y  and t h e r e  
i s  a  curve f o r  t h i s  case which i s  sh2wn here i n  Figure 4 l a .  The spectrum 
shows a c a r r i e r  o f  ampl i tude exp( -P 1 i n  t he  cen te r  o f  a continuous 
spectrum o f  peak amp l i tude X 
A curve o f  t h i s  peak amp1 i t ude  vs P' i s  shown as F igu re4 lb  . For smal l 
devi a t  ions, t h  i s  spectrum has essenPi a l l y t h e  same shape as t h e  o r  i g i  na l 
modulat ion process ( ampl i tude modulat ion 1. For l a rge r  deviat ions,  t h e  
spectrum becomes much wider than t h a t  o f  t he  o r i g l  nal process and takgs 
on a  Gaussian shape v i a  t h e  c e n t r a l  l i m i t  theorem. L e t  us cons ider  t he  
t he  spectrum o f  t h e  FM r a d i o  s igna l  i n  t he  presence o f  i n t e r f e rance  t o  
be t h e  convol u t i o n  o f  t h i s  spectrum w i t h  t h e  above spectrum. We now need 
p(t) - ces[qt + x(t) +dl '. 
B, \ - rms bandwidth of x(t) 
Figure i l l  a 
Y 
Normolittd Spectm 6f a Currier Angle-rnodulotcd by o Narrow Bond GWoobn 
Random Process 
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(A Lhr et fr-cy f, d avuuge pwr e ' Ir omithd from than flgur.s) 
t o  know t h e  e f f e c t  o f  t h i  s convol u t l o n  on t he  peak amp l  i tude o f  the  
continuous "no ise/ in ter ferencet t  o  t h a t  we can r a t i o  t he  
s igna l  spectrum o f  peak 1 t o  t h i s  spectrum t o  
get  a s i  gna i - tominter ference r a t i o .  I f t h 8  no ise spectrum i s much 
wider t ha  t h e  s igna l  spectrum, then t he  peak ampl i tude o f  the  
convolved spectrum is,  f o r  u n i t y  s igna l  amplitude, 
Where, B2 i s  t he  s igna l  bandwtdth 
S I O  i s  the o r i g i n a l  peak before  c o n v o l v l n ~  
As t h i s  bandwidth i s  equal t o  t h a t  o f  the  in te r fe rence  process and 
i s  equal t o  u n i t y  from t h e  normal i z a t i o n  o f  Figure 4 1 3 ,  t he  convolved 
peak i s  equal t o  t h e  o r i g i n a l  peak and ~ i g u r e s 4 l a & C b  apply d l r a c t l y  
t o r  r a t  i o  i ng. I f  t he  resu l  t a n t  noi  se/ 1 n t e r f  erence spectrum 1 s  eaua! 
i n  bandwidth t o  t h e  s igna l  spectrum, then t h e  peak ampl i tude o f  ihe 
convolved spectrum i s  ( again assuming u n i t y  ampl i tude for  i h e  peak 
o f  the s igna l  spectrum 
Where, Sn,  i s  the  spectrum o f  t he  i n te r fe rence  
normalized t o  both u n i t y  peak and bandwidth 
4 
I t  i s  reasonab l  e t o  expect t h a t  the  val ue o f  t h  1 s  1 n tegra l  w i  l l  be about 
1/2 so, under t h a t  assumption, 3 dB must be added t o  t h e  desired s igna l  
t o  noise r a t i o  before us ing  Figures 41aA d l b t o  o b t a i n  a  value o f  PL 
X .  
The remain i ng prob l em i s  then t o  bound p2 i n t e n s  o f  t he  requi  red 
values o f  t h e  des i red s i  gna l s t reng th  an# an assumed i n t e r f e r l  ng 
s igna l  s t reng th  i n  a r a d i o  sense. Assume t h e  in te r fe rence  i s  o f  t h s  
second type w i t h  the  des i red s i  pna l amp l i tude be1 ng 6 and t he  amp l  i iude  
o f  the  i n t e r f e r i  ng s igna l  be ing A. Th is  i s  shown i n t h e  "undu la i i  n ~ "  
phasor t r i a o l e  o f  angle m d u l a t i o n ,  Figure 42 . I f  t h e  anale be+ween 
9 and t h e  r e s u l t a n t  o f  A 6 0 i s  taken t o  be Px, then a  r e t i o  o f  B/A 
can be i n t e rp re ted  as a  s igna l - to- in ter ference r a t i o .  The value o f  P 
so determined w l  l  l a l so  be t h e  value which must be beaten i n  terms oT 
phase e r ro r (due  t o  frequency o f f s e t  and phase path d i f fe rence)  i n  o rde r  
t o  permi t commun i c a t  ions through a s i mu1 c a s t  f 1 nge region. 
I  f t h e  requi  red S/N i s  taken t o  be 13.5 dB f o r  12 dB S INAD, then we 
must look up 13.5 + 3  = 16.5 dB on Figure 41b,  o r  
This g ives an rms phase deviation, P , o f  15.7 degrees which, interpreted 
a s i  gna I - to - i  n te r fe rence  r a t i o ,  i 1 1.4 dB. For t h e  second type o f  
'4 nter ference,  t h  i s  def  i nes t he  capture  r a t i o  t o  ensure 12 dB S I NAD. As 
a  p r a c t i c a l  matter, a  reed i b l e  s l  gna 1 can be obtained f o r  a r a t i o  more 
near l y  6 dB. W i der band FM woul d r e s u l t  i n  even a sma l  l  e r  capture r a t i o  
Figure  .: 42 
Familiar Phase Modulation Triangle For Two Signals 
as i s  o u r  n o r m  l exper ience w i t h  FY r a d i o  broadcast  recept ion .  
Consider t h e  15.7 degree rms phase d e v i a t i o n  i n  t e n s  o f  t h e  requirements 
it w i 1 l  i mpose f o r  s  i mu l c a s t  o p e r a t i  on. L e t  us f i r s t  eva l ua te  t h e  "s  l i p" 
i n  c a r r i e r  frequency t o  produce t h i s  rms phase e r r o r .  The s l i p  i s  
1.04333 wavel engths. Assume a m n o f  i l a r  mode */k = 3  so t h a t  a  wavel ength 
a t  I  MHz i s  approximately 300 fee t .  I f  a  des i red  c o m u n i c a t i o n  range 
o f  3  m i  l es i s  assumed, then t h e  number o f  wavel engths i s  about 53 so 
t h a t  t h e  " s l i p "  pe r  wavelenoth Is 0.00082. Consider ing t h a t  t h e  des i red  
maximum frequency o f f - s e t  would be a t  l e a s t  an o r d e r  o f  magnitude less, 
t h e  requ i red frequency accuracy i s  0.00825. Th i s  assumes comp l  e$e 
homqene i t y  i n  t h e  m n o f i  l a r  mode c o n s t i t u i t i v e  characteristics. 
I n  terms o f  aud io  phase t o  cause t h e  same e f f e c t ,  t h e  phase equals 
2 ~ r ( A f  = d e v i a t i o n  1  , rad lans  
where fm i s  t h e  m d u l a t i  n i  ng frequency. For a mean m d u l a i l  ng frequency 
o f  I kHz, t h e  audio modulat ing frequency must be c o n t r o l  led t o  w i t h i n  
14.6 Hz maximum. 
5.3 ANTENNA CONS l  DERAT l ONS 
Designs fpr MF w i r e l e s s  r a d i o  system antennas inc lude:  . 
6 P o r t a b l e  antennas 
Veh i c u  l  a r  antennas 
Base S t a t i o n  antennas 
Cur rent  t rans formers  
Unt i  l  r ecen t l y ,  on l y  Iwo types o f  antenna.- designs were avai lab 1 e 
corresponding t o  t h e  o l d e r  p ro to type  system r a d i o  e q u i p m n t s .  Both 
t h e  South A f r i c a n  ECAM and Co l  l  i n s  Portab l es used a  grouping o f  w i  r e s  
( w i t h o u t  p a r t i c u l a r  regard f o r  spacing o r  o r i e n t a t i o n  i n s i d e  a 
r i g i d  t u b u l a r  oval  shaped enclosure. The antennas had nomina l l y  7  
. turns .  The C o l l i n s  antenna had 7 ohms o f  segies r e s i s t a n c e  before  
matching ( @ 520 kHz 1, approximately 0.2 rn o f  area, and a  Q o f  44. 
The ECAM antenna was tuned t o  335 kHz. Both these antennas were 
matched t o  50 ohms a t  a  s i n g l e  frequency. With 20 wa t t s  o f  i n p u t  
power, t h e  Portab l e  antennas cou 19 achieve a magnetic c u r r e n t  moment 
( NlA o f  about 2.5 amperemmeter . turns. 
The o t h e r  antenna t y p e  was a l a rge s i n g l e - t u r n  rec tangu la r  Base S t a t i o n  
antenna, approximately 2 meters by 7.2 meters which cou ld  develop a 
t r a n s m i t  NIA o f  14 w i t h  a 20-watt r a d i o  and which would enable Increased 
r e c e i v e  system s e n s i t i v i t y  i n  q u i e t  areas o f  a mine. 
The major d i  f f  i c u l  t y  w i t h  these e a r l y  Por tab le  antennzs was t h a t  
t he  para l l e l  resonant frequency was low enough t h a t  performance near 
t he  h igh  end o f  t h e  MF reg ion ( o f  t he  order  o f  1000 kHz 1 began t o  
degrade s i g n i f i c a n t l y .  Th i s  i s  i l l u s t r a t e d  g r a p h i c a l l y  I n  t he  impedance 
data shown i n  F igure  43 . The use o f  spaced opt imal  l y  arranged tu rns  
( so as t o  minimize and d i s t r i b u t e  t h e  winding capacitance 1 was 
expected t o  reduce t h e  impedance leve l  and improve t he  a v a i l a b l e  tuned 
bandwidth c h a r a c t e r i s t i c s  over  a range o f  MF frequencies. Add i t lona l l  y, 
the  p o s s i b i l i t y  o f  an i n t e g r a l  connection between a Por tab le  r a d i o  
package and t he  antenna i s  expected t o  lnprove perfornance through 
t h e  e l  iminat ion o f  a t ransformer and/or matching c i r c u i t r y ,  w i t h  an 
at tempt being made t o  ser ies- tune t he  antenna and der ive i t  e s s e n t i a l l y  
d i r e c t l y  from t h e  PA ou tpu t  impedance leve l .  
A design a lgo r i thm was developed f o r  use w i t h  mu l t i - t u rn  loop antennss 
t o  enable o p t i  m i  za t i on  o f  antenna parameters. Thi s a l go r i  thm, g i ven 
t o  f o l  low, was f i r s t  used t o  design a s u i t a b l e  mechanical l y  rugged 
antenna f o r  veh icu la r  use. 
The antenna inductance, L , i s  g iven by 
where, L i s  t he  low frequency lnduciance given by 
0 
= 0.02339 n2 [(s, + s2) log 2s l s2 
Lo 10 nD 
- 5 ,  log 10 ( S ,  + g ) - s2 loglO ( S2 + g ) J 
m i  crohenr i es 
s2 a re  the  s i d e  lengths I n  inches 
g I s  t h e  diagonal i n  inches 
n i s  t he  number o f  t u r n s  
D I s  t h e  w i r e  separat ion I n  inches 
fr i s  t he  s e l f  resonant frequency g iven by 
C I s  t he  dlstrlbuted capacitance o f  one t u r n  
and Is 
U~ 1 ( 3 6  x lo9)  cor  h- ' (- d  
1 i s  the  length o f  one t u r n  i n  meters 
d f s  the  wl r e  diameter i n  l nches 
D I s  the  effective wi re  separation I n  inches 
I 
D l  i s  greater  than D by about 17% 
The antenna resistance, R , i s  g i  ven by 
where, f o r  copper, 
R i s t he  low-frequency r e s l  stance g i  ven by 
0 
-4t 
3 n 4 i n inches 
The N I A  product f o r  matched condi t i o n s  i n f o  50 ohms i s  given by 
N I A  = NA I  
0 
where, IO i s  the  input  cur ren t  i n t o  50 ohms 
(exp. 0.632 amps f o r  20 watts 1 
The antenna resfstance Ts t h a t  f o r  sol i d  o r  stranded copper wire. The use 
o f  L i t z  w i re  has been considered dur lng  t h i s  program t o  reduce the  wi re  
res is tance component o f  the  t o t a l  antenna ser ies  res is tance inc lud ing  losses 
externa l  t o  the  winding. 
L l t z  w i re  cons is ts  o f  a number o f  separately Tnsulated strands woven 
o r  bunched together so t h a t  each strand tends t o  take a1 l poss ib le  
pos 1 t ions I n the  crossect i on o f  t h e  en t  l r e  conductor. The purpose o f  
L i t z  wire I s  t o  reduce sk in -e f fec t  losses by d i s t r l b u t l n g  t he  f low o f  
rad i o frequency cu r ren t  more un T forml y  over the w i r e  crossect i on. 
l OCOO 
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The res is tance o f  L i t z  wi re  i s  frequency dependent w i t h  the resistance 
being a  func t ion  o f  the o v e r a l l  w i re  d i a m t e r ,  d, the strand diameter, d  
and the  w i re-w i r e  spac i ng, D. A low f requencl es, t he  use o f  L i  t z  w i r e  
s' 
r e s u l t s  i n  a  s i g n i f i c a n t  reduct ion i n  the low-frequency ac resistance, R . 
A t  h igher frequencies, t y p i c a l  l y  I - 3 MHz, the advantage disappears ando 
L i  t z  w i r e  can actua l l y have a  greater  res l  stance than sol  1 d w i  re. This 
l a t t e r  e f f e c t  i s  p r i m a r i l y  a  func t ion  o f  the strand diameter, d  , and 
operat ion a t  h i  gher frequencies requ i ras a s m  l l e r  strand d l  ameaer and, 
hence, m r e  strands f o r  a f i xed  desl red w l  r e  diameter. 
Terman gives an expression f o r  t he  r a t i o  o f  R t o  Rdc f o r  L i t z  wlre. 
Fo antenna design, we are m s t  in terested i n  t h8  r a t i o  R / R 
so t h a t  the  R LITZ can be used w l t h  the  loop antenna desTgn aig0r??%!' 
The author hag never seen curves o f  t h i s  r a t i o  p l o t t e d  i n  t he  l 1 te rature,  
so these curves as app l i cab le  t o  antenna design were developed as p a r t  
o f  t h i s  program and should serve as a  standard reference f o r  the future.  
The appropr ia te  formulat ions f o r  Ro / Rdc and R / R  w l l l  be 
der i ved and then r s t i  oed t o  obta 1 n  \he above 1neasur8~g\~ t z  i F r e  
advantage f o r  antenna desl gn. 
For a sol i d  wire, 
Kbm 
L 
where k f o r  rnult i  layered co i  I s  & (  -) 
D 
wi th  Kb/D = 5 t y p i c a l l y  and w i t h  rn 3 
layers t y p i c a l l y ,  so t h a t  A = i ( 1 5 )  = 56.25 
G i s  a prox imi ty  f ac to r  f o r  mu l t i  layer  
c o i l s  vary ing near ly  l i n e a r l y  w l f h  x 
( x = 0.1087 d fi f o r  copper) f o r  la rger  
va l ues o f  x so t h a t  G i s  approxl mate l y  
equal t o  0.0439 d f. 
H i s  the r a t i o  by which Rdc o f  an i so la ted  
w i re  Ts m u l t i p l i e d  t o  give Rac and = 
approximate l y 0.0962 d fi f o r  copper. 
therefore,  d  
R o s o ~ ~ ~  ' Rdc = 0.092 d f i  + 2.469 d 6 ( 
For L i t z  wire, d 
2 
'~LITZ ' 'dc = [2 + A (-1 = l + n  G(-1 cl D 
4 -4 d4 
where, G = approx-. x 164 = 0.878 x  10 s f2 
A summary o f  t h e  performance achieved I n  the  veh icu la r  antenna design 
i s  given i n  Figure 44 i l l u s t r a t i n g  N I A  vs frequency and I n  Table 5 
i l l u s t r a t  i ng t h e  p a r t i t i o n  i ng o f  l osses I n t h e  proto type hardware 
a t  a  p a r t  i cu l a r  frequency. 
Use o f  the  desi gn a lgor i thm has revealed several important aspects 
o f  MF mu l t i - t u rn  loop antenna design, which include:  
There are two optimum approaches f o r  the  design o f  these 
antennas which depend upon power level  and whether o r  no t  
t h e  antennas a re  matched t o  a coaxial  l i n e  irnoedance 
before connecting t o  t he  radio.  
One approach enta i I  s  a "h i  gh i mpedance", many t u rns  desl gn. 
The o the r  approach enta i I  s  a " I  ow impedance", few i u r n s  des i a n .  
The o p t  i mum h i  gh i mpedance des i gn i s  a  l so op t  i mum f o r  
i n t r i n s i c  sa fe ty  and i s  a l s o  " inheren t l y "  i n t r i n s i c a l l y  
safe  ( f o r  on ly  a  5-watt radio,  e i t h e r  design approach can 
e a s i l y  be made i n t r i n s i c a l l y  safe] .  
The "high impedance" approach i s  t o  operate the antenna a t  as h igh an 
impedance leve l  as poss ib le  f o r  as h igh a  raw antenna Q as possib le;  then 
use f i x e d  ser ies  res is tance t.0 de-Q t h e  antenna' t o  t h e  propoer bandwidth 
( which a  l so a i tomat ica 1 l  y provides DC current-1-i m i  ti no resistance.  This 
means us i ng as many spaced t u r n s  as possi b l  e before t he  N I A beg i ns t o  
drop ( and a lso  before t h e  i nductance enters  t he  constant-energy po r t i on  
o f  t h e  i n t r i  n s i c  sa fe ty  curve f o r  t he  chosen DC supply vo l tage 1. Th is  
type des i.gn has been used f o r  pro to type vehicul a r  antennas. Use o f  L i t z  
w i r e  shou I  d  be made t o  prov ide as near constant  a  bandwidth as poss1 b l  e  
by maxi miz i  ng t h e  r a t i o  o f  f i xed  added res i  stance t o  w i  r e  resistance. 
The "low impedance" approach i s  t o  use on l y  a  few tu rns  and keep t h e  
impedance leve l  as low as possib le.  The number o f  t u rns  i s  d i c t a t s d  
by t h e  number requ i red t o  en te r  t he  near-constant N I A reg i  an o f  operat  i on.  
and a l so  t o  prov i  de maxi mum d r i v e  cu r ren t  from a d i  r e c t l y  coup l ed PA. 
The des i gn character  i s t  i cs ach l evab l e w i t h  a  Portab l e antenna a r e  i l l us t ra ted 
i n  Table 6 . 
The most c r i t i c a l  aspect o f  Por tab le  antenna design i s  the  choice o f  
operat ing bandwidth so t h a t  the  p o t e n t i a l  detuning o f  an operationally 
requi  red f l e x i b l e  antenna can be accomodated. For a  narrowband FM rad io  
w i t h  a  modulation index = I and w i t h  2 3 H z  deviat ion,  t h e  10 dB 
bandwidth i s  expected t o  be about 8 kHz so t h a t  an antenna bandwidth o f  
12-15 kHz should be adequate. Th is  means t h a t  t h e  rnaxlmum a l lowable  
antenna Q w i l l  be less than 100 and probably o f  t h e  order  o f  67. 
N I A  VS FREQUENCY FGZ 6-! NCH 5Y 3-FOOT 
VE!! 1 CULAil AhiEKNA OF 12 TURNS [N A I &  
l NCH ELECTROSTAT l C SH ! ELD 'd I Ti 1 700/44 
LITZ ':/IRE 




FREQUEI'JCY - KHZ 
PERFORPANCE D I AGXGS 1 S FOR VEE i CULA2 ?FIGTOTYPE 
ANTENNA AS GBTAlNED 
DURING P E L I M I N A R Y  TESTING @ 476 KHZ 
ANTENNA TUNED AND TRANSFQRMED 
W l TH TUN1 NG CKRT I N  ENCLOSURE 
ANTENNA TUNED AND TRANS FORMED 
W l T H  TUN l NG CKRT NOT ENCLOSED 
ANTENNA TUNED BUT NOT TRANSFORME3 
W i T H  TUNING CKRT NOT ENCLOSED 
ANTENNA NOT TUNED( RAW AATENNA) 
TUN l NG CAPAC ITORS ( ' 100 VOLT 
S t  LVERED MICA) 
TRANS FORME2 
ENCLOSURE 
3.63 OHMS OF LOSS 
. 
4.23 03MS OF LOSS 
2.42 OHVi  OF LOSS 
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General l y  speaking, the conductor "c lose coup1 ing" c o e f f i c i e n t s  can 
be expected t o  vary between 
over the t y p i c a l  transverse crossect ion o f  an en t ry  conta in ing 
conductors; depend i ng on the  conductor conf i gurat  i on and the separat i on 
distance between the  rad io  antenna center and the  conductor(s) center, 
Considering the  most l i k e l y  operat ing pos i t ions  o f  Portables and 
Vehiculars i n  t h e  ent ry  crossection, the Portable coupl ing coe f+ i c i en i s  
are expected t o  be 
and f o r  Vehicul ars 
-40 dB t o  -50 dB 
,027 dB t o  -37 dB. 
The presence o f  a vehic le  i n  the  en t ry  crossect ion I s  expected t o  enhance 
the  vehicu lar  coupl ing approximately 3 dB from t h a t  a t  the same locat ion 
using the  same antenna ( bu t  w i th  t he  vehic le  absent 1 i f  the  antenna 
i s  mounted on the s ide  o f  the vehic le  c loses t  t o  the conductor(s) ( assumed 
near a  r i b  1, I f  the  antenna i s  mounted on the other  s ide o f  the  vehic le,  
no coupl ing enhancement i s  expected. 
The maximum t ransmi t  coupl ing I s  bounded and i s  expected to be about 
-28 dB ( -30 dB i s  obtained using the simple CT formula prev ious ly  
presented f o r  NA = 1.4, Zo = 50 ohms, r = 0.3 meter. That t h i s  I s  t r u e  
can be v i  sua l  ized from the  fo l  lowi ng argument: 
The surge impedance o f  t he  transmission I ine formed by the  
AC power cab l e  i n  c lose proxi  m i  t y  t o  t he  roo f  and ri b  has 
t o  be i n  the v i c i n i t y  o f  50 ohms. Because the " l I nel'/cab l e 
goes i n  two d i rect ions,  and assuming match, t he  ser ies 
impedance level  o f  t h i s  l i n e  I s  about 100 ohms, The t o t a l  
ser ies path resistance o f  a  t yp l ca l  t ransmi t  loop antenna 
o f  near-optimum desi gn i s  about 4 ohms, 
Now, coupl ing from a t ransmi t  loop t o  t he  AC cable i s  
equi va l ent t o  using a  transformer whose secondary I s  
constrained t o  always be I  turn.  As the  t ransmlf  loop tuned 
impedance i s  always less than the  surge impedance(x21, t h e  ideal 
coup l  I ng f o r  maxi mutn power t r ans fe r  wou Id be from a  
transformer w i t h  a f r ac t i ona l  t u r n  on the  primary. Th is  
cannot be i n  the  physical world and, thus, t he  "avai lab l a" 
t ransformer i s  always "reversed" from t h a t  which we would 
l i ke .  Thus, f o r  very c lose  coupl ing, one cou ld  argue t h a t  
the  bes t  t ransformer  has j u s t  1 t u r n  on t he  primary. I f 
we had an idea l  t ransformer  and t h e  coup l ing  were p e r f e c t l y  
t i g h t ,  then a res is tance  leve l  o f  100 ohms would be 
" r e f l ec ted "  i n t o  t h e  pr imary instead o f  t h e  t y p i c a l  l y  4 
ohms when loose ly  coupled. Thus, f o r  a f i x e d  power i nput  
p roper l y  matched, t he  a v a i l a b l e  c u r r e n t  drops by a f ac ta r  
o f  25 i n  going from the  loose ly  coupled t o  t he  t i g h t l y  
coupled case, which i s  - 28 dB. 
Th i s transmi t coup I i ng bound was measured exper i  m n t a  I l y v l  a transmi tt i ng 
from a Base S ta t i on  antenna t o  a sec t ion  o f  monof i la r  l i n e  placed over 
ground ( t h e  experiment was conducted on t h e  surface 1. The r e s u l t s  o f  
t h i s  t e s t i n g  are shcwn i n  Table 7 . Note t h a t  t he  coup l ing  i s  quasi- 
independent o f  t h e  t ransverse spacing o f  the  antenna from the  l i n e .  
Th is  i s due t o  "overk i  I 1' '  i n antenna s i ze  as t h e  antenna l  i nks essent i  a f l y 
a1 I t h e  magnetic f l u x  surrounding t h e  I ine conductor a t  a !  I  ranges. 
Th is  same e f f e c t  can be expected i n  a mine and, thus, a la rge Ease S t a t i o n  
antenna located antwhere i n  t h e  conductor en t r y  and o r i en ted  f o r  maxirnurr 
coup l ing  can be expected t o  couple as wel l  as a very c lose  spaced 
( t o  t h e  conductor) c u r r e n t  transformer. 
Perhaps t h e  most accurate coup l i ng leve l  s  f o r  more comp l ex  geometri es 
can best  be determined us ing t h e  graph ica l  f l e l d  mapping technique C quasi- 
s t a t i c  l  i m i t  f o r  t he  m n o f i  l a r  mode t ransverse f i e l d s  ) .  Coupl l n g  est imates 
have been made and t h e  r e s u l t s  as shown f n  Figure 4 5  f o r  fQ / X  o f  A L t he  antenna equal t o  55,000 which i s  appropr ia te  f o r  t h e  veh icu la r  antenna. 
The coup l ing  c o e f f i c i e n t ,  CR , i s  g iven by: 
Where, n = t he  number o f  f l u x  11-nes per  360 
degrees o f  r o t a t i o n  around t he  
conductor ( 64 f o r  t h e  cha r t s  shown 1 
R I s  t h e  loop antenna se r i es  res is tance  
( 18 ohms used 1 
AR i s t h e  cu r v i  1 i near square dimens ion  
i n  meters 
For use i n  two-frequency systems, a l i Portab-Pe & Vehicular  and se lec ted 
Base S t a t i o n  antennas and c u r r e n t  t ransformers w i l l  have t o  be tuned o r  
tunab le  t o  both frequencies. Th i s  can be accomplished pass ive ly  ( no t u n i n g  
c o n t r o l  requ i red 1 o r  a c t i v e l y  v i a  a sw i t ch  l i n e  from t h e  radlo.  The 
act i .uel y ,tuned-antenna i s envi sioned as havi ng two separate match I ng 
c i r c u i t s  which a r e  switched i n t o  p lace on command. The con t ro l  Is 
envis ioned f u n c t i o n a l l y  as fo l lows.  Normally ( w i thou t  a con t ro l  s igna l  1, 
t h e  antenna i s tuned t o  t h e  rece i  ve frequency. I  f t h e  rad l o  con t ro l  s  
are  s e t  t o  t r ansm i t  t h e  second frequency, a key I i ne I s  energi zed so t h a t  




MEASURED CURRENT COUPL 1 NG COEFF l C I ENT VS 
TRANSVERSE SPACING OF A BASE STATION LOOP 
ANTENNA FROM A MONOFILAR LINE SECTI0F.I OVER 
A CONDUCTING l NTERFACE ( GROUND 1 
COUPLING COEFFICIENT 
TEW INAT I ON LOOP/CONDUCTOR SEPARAT I ON - FEET 
l MPEDANCE 3 6 -- 12 24  48 
25 ohm -27.6 
100 -21.9 -29.0 -28.4 -26.2 -27.2 
. . 
i n f i n i t e .  -30.9 
B 50 -30.4 -31.1 -28.7 -26.6 -27.4 
i n f i n i t e  -31.9 

5.5 PROTOTYPE EQU l PMENTS 
The purpose o f  t h i s  subsection i s  not t o  present an exhaustive descr lp t lon  
o f  equipment avai l ab le  to-date; but, i s  t o  b r i e f l y  review the  operat i  ng 
parameters o f  these equipment, t o  discuss receive system s e n s i t i v i t y ,  
and t o  present add i t iona l  d e t a i l  on the  prototype vehicu lar  antenna 
des i gn . 
To date, on ly  four prototype rad ios have been b u i l t  and evaluated on a 
1 i m i  tad  bas i s i n coal m i  nes. Trad l t i ona  l t r o  l leyphone manufacturers 
such as Femco and Comptro l are adapting the1 r equi pment f o r  use i n  
t rack less  haulage appl icat ions.  The MF prototype rad ios to-date Include: 
South Af r ican ( ECAM 1 
e C o l l i n s  ( b u i l t  f o r  USBM 1 
Lee Engineerin9 ( Ferry ~ e l e r n e t r ~  1 
South Af r ican ( RACAL 
The ECAM and Co I l i ns rad io  packages f o r  Portab I es were very s i  m i  l ar;  bel ng 
roughly 10f' x 10" x 4" w i th  se l f -conta ined ba t te r ies ,  top-mounted cont ro ls ,  
voice and tone s igna l l i ng ,  and a nominal 20 watts o f  power. These radios, 
furthermore, shared a near ly  i-dentica l antenna desl gn w n s i  s t1  ng of  about 
7 conductors hoysed i nside an ova I-shaped r i  g i  d tube rough I y 1-1 nch i n 
diameter, 0.2 m area, and separately tuned t o  50 ohms a t  s i ng le  
frequencies ( 520 kHz f o r  Co l l i ns, 335 kHz f o r  ECAM 1 f o r  connect ion t o  
the  radios v i a  a shor t  length o f  coaxial  cable. The major d i f ferences 
cons is t  o f  m d u l a t i o n  type and operat ing frequency. 
The C o l l i n s  rad io  used narrowband FM. The ECAM rad lo  used SSB. The ECAM 
rad io  used a small handset whereas the C o l l i n s  rad io  used a speaker mike. 
The ECAM rad io  was housed i n  a canvas car ry ing  case w l th  a shoulder s t rap  
whereas, t he  Col l i n s  rad io  was intended t o  be belt-mountable. Col l  ins  
provided a table-mountable Base Sta t ion  version o f  t h e i r  rad lo  w i t h  
in te rna l  tun ing  f o r  t he  large antenna. The Col tins rad io  employed a 2 dB 
noise f i gure recei  ver. Comparati ve t e s t i  ng o f  these two rad io  types i n 
q u i e t  mine areas produced near ly  iden t i ca l  communication ranges. 
The Lee Engineering rad io  i s  a smal l u n l t  o f  approximate dimensions 
24" x 7" x 7" powerable from an externa l  4.5 v o l t  bat tery,  expected t o  
be the  cap lamp battery.  Th is  SSB rad io  was factory  tunable t o  a va r i e t y  
o f  s i ng le  frequencies over t he  MF range w i t h  a power output o f  6-7 watts. 
The rad io  i s  i ntended f o r  b e l t  mount1 ng and uses top-mounted contra l s. 
This rad io  rad io  has been manufactured f o r  Lee Engl neeri ng/CONSOL by 
Ferry Telemetry o f  Hiawatha, lowa.in Portable versions only. The antenna 
i s f i ex i  b l e, s i ng I e-f requency matched, and connects t o  t he  rad 1 o package 
v i a  a shor t  length o f  coaxial  cable. Limited t e s t i n g  by BuMInes o f  t h i s  
rad io  i n  a DC mine resu l ted 1n. l lmi ted ranae which, presumably, was due 
t o  t h e  inherent impulse noise susceptabi l l t y  o f  SSB radios. The ECAM 
rad io  was never care fu l  l y  tested i n  a heav l l y  impulse nolse environment. 
The most recent prototype rad io  ava i lab le  i s  t he  South Af r ican RCAL 
u n i t  operat ing a t  a I -watt  level  using SSB modulation and w i th  orovis ions 
f o r  tone signal  l i ng .  This single-frequency rad io  i s  factory  tunable 
v ia  a programmable d i v i d e r  t o  a va r i e t y  o f  frequencies i n  the YF range. 
The tad i o  operated from a se I f-conta i ned ba t te ry  and i s i ntended t o  be 
ca r r i ed  on a persons chest. The rad io  package i t s e l f  i s  approximately 
3" x24" x 14" . The antenna i s  a f l a t  canvas/wi r e  s t rap o f  the  bandoll e r  
type and the  rad io  attaches d i r e c t l y  t o  the antenna v ia  a special qu ick 
disconnect arrangement. The rad io  has been found t o  be susceptable t o  
i m p u l s e n o i s e d u e t o t h e a u t o m a t i c n o n - a d j u s t a b l e A G C t y p e s q u e l c h .  A 
100 usecond impulse o f  s u f f i c i e n t  amp1 l tude w i l l  shut the  rad io  down 
f o r  approximately two seconds. The RACAL rad io  I s  a l so  packaged i n  a 
table-mountable Base Sta t ion  version. 
A prototype vehi cu l  a r  antenna has been bui l  t and bench eva l  uated; t he  
antenna employing a single-frequency In tegra l  matching c i r c u i t  t o  50 
ohms. The design employs a r i g i d  rugged e l e c t r o s t a t i c  sh ie ld  w i t h  a 
s i ng le  c i rcumferen t ia l  s l o t  t o  enable rad ia t ion .  When balanced-fed 
w i th  the  sh ie ld  a t  ground po ten t i a l ,  the  sh ie ld  has no e f f e c t  on The 
basic winding e l e c t r i c a l  charac te r i s t l cs .  The antenna, depicted i n  
F i  gures 46&47 i s  attached t o  a frame which provides f o r  magnetic mount1 ng 
t o  a f l a t  m e t a l l i c  ( ferrous 1 surface on t h e  vehicle. The r i g i d  l o o p  
r a d i a t o r  i s  pos i t ionable f o r  v e r t i c a l ,  45-degree, and hor izonta l  loap 
plane o r i en ta t i ons  t o  accomodate low vehic le  head clearance when 
necessary. The antenna w i nd i ng c h a r a d e r i  s t  1 cs are dep Lcted i n F l  gure . 
The r a d i a t o r  cons is ts  o f  12 c i rcumferent i  a l I  y spaced tu rns  o f  L l t z  w i r e  
i n  a rectangular 6-Inch by 36-inch shape. The tun ing  cha rac te r i s t l cs  o f  
the  prototype antenna(s1 as bui I  t are  g i  ven i n Fi gure 48 . 
The recei  ve system s e n s i t i v i t y  i s  large1 y d e t e n i  ned by t he  antenna 
size. A simple formula f o r  computing the  s e n s i t i v i t y  I s  given by: 
Where, A f  i s the no1 se bandwidth , Hz 
Q i s  the  antenna q ~ a l i t y ~ f a c t o r  
A i s  the antenna area, m 
N i s  the  rece iver  noise f i g u r e  
The Propor t  i ona I i t y  constant has been adjusted t o  def i ne the  nl n 1 mum 
inc iden t  magnetic f i e l d  s t rength t o  achieve 12 dB SlNAD f o r  narrowband 
FM modulation ( 13.5 dB signal-to-noise r a t i o  per Hamshur 1. 
A Potent la1 l y  more accurate s e n s i t i v i t y  expression i s  t h a t  a f t e r  the 
method o f  Shimbo, and i s  given by: 
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Where, f =  41FNA x lorn7 
F i s  the rece iver  noise f i g u r e  
r 
k i s  BoltzmanTs constant 
To i s the  ambient temperature 
R i s  t he  antenna ser ies res is tance 
L 
A i s  the  antenna area, rn 
2 
N i s  the  number o f  tu rns  
Hn i s  the external  noise f i e l d  s t rength 
Comparisons o f  s e n s i t i v i t i e s  f o r  the Co l l i ns  FM prototype rad io  as 
ca lcu la ted by the  simple formula( Hamshurl, by t h e  method o f  Shlmbo, 
and as measured; and, as ca l cu l  ated by the simp i e  formula f o r  the  RACAL 
rad io  are given i n  Table 8 . 
5.6 APPL I CAT I ON OF OTHER TECHNOLOG l ES 
The system design pu t  f o r t h  i n  Section 3 i s  capable o f  prov id ing a 
compati b l e  i n te r face  w i th  e i t h e r  an e x i s t i  ng pager phone system; o r  
else, w i t h  a new se lec t  channel FDM type mu l t i p l ex  phone system ( should 
one be developed 1. Add i t iona I I  y, i f MF I s used f o r  long d i stance 
local  area-to- loca l  area transmi ssion, a means t o  provide e i t h e r  d l  r e c t  
r a d i a t i o n  from the  b i f i l a r  mode phone I lne, car ry ing  the  MF s ignal ,  a t  
d i sc re te  locat ions o r  e lse  t o  convert  the  b i  f  l l a r  mode t o  the  manof i l a r  
mode transrni ss ion Es needed. 
Baseband aud l o  s i gna l I i ng and con t ro l  l i nks from Base S ta t  1 on t o  Remoie 
Base repeater e l  ements' could prov i  de the  i n t e r f  ace t o  ex1 s t  i ng pager phong 
systems. S imi la r l y ,  an above-base-band t r a n s l a t i o n  frequency on t h e  
same l i n k s  could be made compatlble w l t h  an FDM channel freauency on 
a select-~cbannel  phone system. A l te rna t l ve ly ,  although not  included 
as a l i n k  s i g n a l l i n g  op t ion  i n  Section 3, TOM signal  l i n g  could be 
employed on the  same I i nks; however, the  MF system e lement des i gns wou l d 
become m r e  comp I ex. 
MF energy can be extracted from a b 1 f  l l a r  mde  phone I 1 ne a t  ,d l screte 
locat ions o r  i n  desired loca l ized areas by two means; p lac ing  balanced loop 
antennas i n  shunt across the  l i n e  o r  by purposely unbalancing the  l i n e  
and favor ing  the  e x c i t a t i o n  o f  common ( monofl l a r  ! mode currents. The 
e x c i t a t i o n  o f  a s i ng le  antenna can, a t  best, ex t rac t  on ly  a por t fon  o f  
the  ava i l ab le  energy from the l ine.  Also, the  antenna then rad la tes d i r e c i l y  
over a I  irni ted  area and/or excl t e s  mno f  1 l a r  cur ren t  i n  the  phone l 1 ne 
w l t h  substant i a I "convers Ion l ossff . &re e f  f 1 c i  en t  energy e x t r a c t  ion can 
be accomplished by e i t h e r  using a sequence o f  spaced antennas o r  else, a 
sequence o f  spaced " unba lancers" .on the  I l ne act1 ng as a I ea ky feeder 
and conver t i  ng t he  energy from b i  f I l a r  t o  monof i l ar. 
For m s t  e f f i c i e n t  mode conversion, the  d i s t r i b u t e d  loading must slow the  
transmission s i  gnal wave down so t h a t  t he  phase v e l o c l t y  matches the  
phase v e l o c i t y  o f  the  m n o f i  l a r  mode. An a i d  i n  visualizing t h i s  concept 
i s  a f forded by consider ing spaced antennas as an array. The phase o f  the  
antenna currents  must match t h e  phase o f  an assumed m n o f i  l a r  mode 
t r a v e l  i ng wave a t  the  d i sc re te  locatfons o f  t h e  element antennas. Also, as 
w i t h  leaky feeder s t ruc tu res  from the  b l f l l a r  e x c i t i n g  wave pain: o f  
view, the  p e r i o d i c a l l y  loaded modal e i g e n ~ l u e s  must be between - I  
( backward wave l and +I ( forward wave 1 p lac ing  the  "rode" I n the  "v1 sl b lev  
region. 
TABLE 8 
CO?PUTED AND MEASURED S ENS [ T I V I T I ES 0 F RACAL Ai4D 
COLL l NS PROTOTYPE PORTABLE RAD l OS 
( 1  ) Col i i n s  f m  r a d i o  f o r  12 dB 
SINAD 8 2 dB noise f i g u r e  
@ 520 KHz, 12 KEz BW 
( 2 )  RACAL SSB r a d i o  
0.2 uv for 15 dB S/N 
Se~sitl v i i y ,  d 3  ebove I ua/m 
(a1 Hamshur -34.0 
( b )  Shirrrbo -37.6 
(c) measured -35.5 
For 10 dB S/N -34.9 
Spaced antennas can accomplish t h i s  slow wave loading w i t h  shunt 
capacitance, meaning t h a t  the  antennas must be tuned w i t h  t h e i r  
i npu t  impedance being capac i t ive .  A l t e r n a t i v e l y ,  t h e  use o f  unbalanced 
devices on t h e  l i n e  must e f f e c t i v e l y  use se r i es  inductance t o  slow 
t h e  wave down. The e f f i c i e n t  e x t r a c t i o n  on energy from the  b i  f i l a r  
l i n e  does invo lve  some impedance matching f o r  antennas and/or min imlz lng 
t h e  r e f l e c t i o n  o f  Inc iden t  energy when using l i n e  "unbalancers". Th is  
may requ i r e  both shunt C and se r i es  L so as t o  be ab le  t o  vary i h e  
c h a r a c t e r i s t i c  impedance o f  t he  l ine .  I t  should be poss ib le  t o  b u i l d  
"c l ip -on"  devices t o  be p e r i o d i c a l l y  spaced on t h e  phone l i n e  f o r  
mode con ve r s  i on, 
Th is  sec t ion  deals w i t h  the  qua1 i t a t i v e  comparison o f  narrowband FM vs 
s i n g l e  s i de  band ( SSB 1 modulat ion and, g iven FM as t h e  choice f o r  
mine w i  r e  less r a d i o  systems, t h e  f ac to r s  governing t he  frequency 
separat ion requ i red f o r  opera t i  on o f  t he  Repeater E l ements. 
The e a r l y  South A f r i can  ( ECAM as we l l  as t h e  more recent  RACAL and 
Lee Engineer ing rad ios  have employed SSB modulation. The C o l l i n s  
pro to type rad ios  employed narrowband FM ( m = I ,  + 3 kHz dev ia t i on  1. 
Unfor tunately,  a l l e a r l y  comparisons o f  ECAM and l l l ns rad ios  were 
performed i n  q u i e t  areas o f  mines; t h e  two be ing very nea r l y  equal In 
performance i n  t h i s  type o f  envlronment. Only r e c e n t l y  ( w i t h i n  t h e  
past  year have SSB rad ios  been t es ted  I n  p o t e n t i a l l y  no isy  areas 
o f  mines. The r e s u l t s  o f  recent  t e s t s  have suggested t h a t  t h e  SSB 
rad ios  are  i nhe ren t l y  susceptable t o  mine nolse; p a r t i c u l a r l y  Impuls ive 
noi  sea 
The hypothesis f o r  t h e  impulse no ise s u s c e p t a b i l i t y  o f  SSB rad ios  res ides 
i n  the  i nherent  l i near i  t y  over  a l arge s i  gna l and noise dynamic ran* 
requ i  rements i mposed on SSB rad i os f o r  use i n  m i  nes. The I l near i  *,of 
course, i s  inherent  t o  SSB modulation. To prov ide good dynamic range 
f o r  steady s t a t e  s igna ls ,  SSB rad ios  employ a fast-attack/slow-release 
AGC. The hypothesis contends t h a t  t h e  occurance o f  no lse Impulses I s  
such t h a t  the  f a s t  AGC a t t a c k  "shuts t h e  r a d i o  down" and another impulse 
occurs before t he  AGC can re lease so t h a t  t h e  r a d i o  s tays "shut downv. 
The a l t e r n a t i v e  o f  "opening up" t h e  AGC c i r c u i t r y  would cause excessive 
d i s t o r t i o n  when t h e  Impulses a r e  o f  much h igher  ampli tude than t h e  s lgna l .  
A d e t a i l e d  s t a t i s t i c a l  ana l ys l s  o f  impulse no ise characteristics I n  DC 
mines has n o t  been performed, b u t  t h e  data taken i n  t h e  Harewood mine 
suggests t h a t  
The average impulse arnpl i t ude  i s  about 18 dB above t he  averaoe 
"broadband no ise leve l  . 
The average no ise impulse basewidth va r i es  between 333 and 1300 
m i  croseconds 
The average occurrance r a t e  o f  I mpuf ses Is between 2-6 m i  l l l seconds 
This hypothesis i s  based on operat ion lnclose proximity t o  mlne w i r i n g  
conductors and, i n  pa r t i cu la r ,  i n  DC rnlnes, I n  qu ie t  areas o f  mines, 
which probably comprise a l l  areas remved a t  leas t  1-2 en t r i es  from 
conductors, the c lass i c  advantage o f  SSB i n  prov i  d i ng b e t t e r  i n te  l l i g i  b i t i t y  
than FM f o r  s ignals  near threshold holds. The choice o f  m d u f a t i o n  type 
i s  then dependent on t h e  expected Iocat lons w I th in  mines where the red los 
w i l l  be operated. I n  DC mines, t he  choice I s  c lear ;  M w i l l  be necessary 
t o  e f f e c t  operat ion near conductors a t  a l I, For t rack less  haul age 
operat ion i n  AC mines, t he  choice based on the  above arguments may not 
be so c lear;  no t  on ly  i n  t h a t  impulses o f  h lgh amplitude w i l l  be less 
l i k e l y  t o  occur, bu t  a lso i n  t h a t  the  expected signal-to-noise dynamic 
ranges are smal ler  and ra ther  wel l  ordered. Perhaps the  posslbie eventual 
usage o f  MF radios i n  meta l/non-metal mines provides the  "push" f o r  FM 
where, again, the  noise environment near conductors I s  expected t o  be 
impulsive. 
Other argurnents can be made fo r  the use o f  FM over SSB. The author 's  
content ion f o r  t h e  se iec t ion  o f  FM over SSB I s  b u i l t  on th ree  fec to rs :  
The po ten t ia l  advantage o f  SSB over FM i n  threshold s e n s I t i v l t y  
( i n t e l l i g i b i l i t y  1 i s  a f  marginal significance i n  the f i r s t  
p lace and represents about a maximum o f  7 dB irnprovemenf 
assuming t h a t  narrower bandwidth antennas can be used fo r  
rece iv ing  SSB s ignals  ( a questionable assumption a t  best 
i f  f l e x i b l e  Portable antennas are envisioned ) .  
Although the  SSB system i s  perhaps m r e  conservative o f  
t r ansm i t t e r  RF power than i s  FM, t he  number o f  low [eve l c lass  
A stages required equal ize t h i s  po ten t i a l  advantage I n  -arms 
of  ba t te ry  drain. The FM system i s  expected ove ra l l  t o  operate 
longer from a glven ba t te ry  than i s  an SSB system 
Use o f  narrowband FM i s  compatible w i th  FSK data transmission 
( equipment design wise v ia  c i r c u i t  commonality 1 so t h a t  
comnon rad io  desi gn techniques apply f o r  both FSK and FM 
voice systems 
The comparison o f  i n t e l  i i g i b i l  i t y  o f  FM vs SSB i s  summarized i n  Table g . 
The maximum po ten t i a l  advantage o f  SSB, which occurs f o r  a low a r l t c u l a t l o n  
index o f  0.2, presumes a 3 dB narrower bandwidth antenna, On t h i s  basis, 
SSB i s  p o t e n t i a l l y  b e t t e r  than FM i n  q u i e t  areas by 7 dB on an average 
power basis w i t h  SSB and FM being about equal on a peak power bask .  
The frequency separation requi red a t  MF f o r  repeater operat ion t o  
essen t i a l l y  provide the  f u l l  rece iver  s e n s i t i v i t y  1s governed pr l rnar I ly  
by modulation spectrum f a l l - o f f  as opposed t o  broadband noise. This i s  
because the spect ra l  width of FM voice s ignals  i s  a greater percentage of  
t he  operat ing frequency a t  MF than It is, f o r  example, i n  t he  VHF land 
mobile bands ( where broadband noise predominates 1. The broadband noise 
o f  a wel l  designed phase-locked-loop e x c i t e r  i n  a 12 Wz band i s  expected 
t o  be 80-85 dB down 20 kHz away and 110-lt5 dB down a Wz away from i h e  
center  frequency. 
TABLE 3 
SUMMARY COMPARISONS O F  FM VS SSB MODULATION 
BASED ON I N T E L L I G I B I L I T Y  
NON- I W U L S  I VE NO l SE 
ARTICULATION AVERACZ POWER BAS l S 
l NDEX COMF'AR I SON 
SSB BY 4,O DB 
0,3 SSB BY 0.5 DB 
I F I T  WERE POSS 1 BLE  TO DES l GN TO A STABLE 3 WZ BANDW I DTH, 
THE MAXIMUM SSB ADVANTAGE ( ARTICULATION INDEX = 0,2 1 
WOULD BE 7 DB 
SSB, OPT1 MALLY C L  I PPED, HAS ABOUT A 7 DB PEAK-TO-AVERAGE 
POWER RAT 10; THUS ASSUMING THE MAXI MUM ADVANTAGE, SSB & FM 
I N BROADBAND NO l SE ARE ABOUT EQUAL ON A PEAK POWER BAS l S 
The spect ra l  r o l l - o f f  o f  a narrowband FM signal  o f  m=l i s  I l l u s t r a t e d  
i n  Figure 49 which shows a 12 dB/octave r o l  I -o f f .  To achieve f u l  l 
rece iver  s e n s i t i v i t y ,  t h e  recelved signal  should be about 160 dB below 
the output  o f  a 5-watt transml t t e r .  A graph show i ng the  composi t e  fa l I-of f 
o f  a 4-pole f i l t e r  p lus normal spectral  r o l l - o f f  i s  given i n  Figure 55 . 
The composite r o l  I-of f i s  expected t o  be 36 dB/octave so t h a t  a l eve1 
o f  - 1  60 dB i s  achieved about 65 kHz away. Thi s represents rough l y a 105 
frequency separation. Note t h a t  a t  65 kHz, the  spectra l p o r t  ton of the 
r o l  I-of f o f  about -7 1 dB i s rough l y 20 dB higher than the  expected 
boradband noi se l eve I o f  -92 dB. The m i  n i mum frequency separat ion  i s, 
thus, expected t o  be 10%. . 
5.8 INTRINSIC SAFETY CONSIDERATIONS 
This sect ion assumes t h a t  t h e  MSHA requirements f o r  obta in ing I n t r i n s i c a l l y  
safe c i  r cu i  t desi gn have been updated from Schedule 2G t o  those o f  
UL-9 1 3. 
The design o f  antennas and t ransmi t t e r  RF c i r c u i t r y  fo r  MF systems can 
easi l y be made i n t r  i ns ica I 1 y safe f o r  a nomi na I 5-watt power I eve1 f o r  ba t te ry  
voltages between 4.5(cap lamp) and 24 vo l ts .  The antenna c i r c u i t s  operate 
i n  the  constant power ( voltage-current curve ra ther  than ' the  canstan" 
energy region o f  the  curves. The antenna desi gn parameters are such t h a t  
the  use o f  b lock ing capaci tors  t o  I so la te  the antenna c i r c u i t  are no t  
requi red. Hi gh impedance antenna des I gns ( such as are requl red f o r  
optimum vehicu lar  antenna operat ion can be shown t o  be inherent ly  
i n t r i n s i c a l  l y  safe. Low impedance Portable antenna designs can be made 
i n t r i n s i c a l l y  safe w i t h  t he  add i t i on  o f  small cu r ren t  l i m i t i n g  r e s i s t o r s  
which w i l l  no t  degrade the  RF e f f i c i ency  o f  t h e  antenna. 
This sect ion presents an "appeal1' t o  provide a consls tant  and s y s t e m i i c  
means f o r  the i n t r i n s i c  safety  eva luat ion o f  MF antennas. Add i t iona l l y ,  
the subject  o f  "AC i n t r i  ns ic  safety1' i s  important f o r  ensuri ng i h a i  
a l l  t r a n s i e n t  cur ren t  leve ls  are accounted for. 
1 n t r l  ns i c  sa fe ty  requi rements are geared toward prevent1 ng potent1 a 1 I y 
dangerous dc sources from producing arcs which might explode a methane- 
a i r  mixfure under f a u l t  condl t lons i n  coal mines. The curves f o r  minimum 
vo I tage-current comb i nations, m i  n i mum i gn i t  ion cu r ren t  i n  1 nduct l  ve 
c i r c u i t s ,  and minimum i g n i t i o n  vol tage i n  capacitive c l r c u i t s  apply . 
s t r i c t l y  t o  dc e x c i t a t i o n  o f  c i rcu iSs.  The ac e x c i t a t i o n  o f  antenna 
c i r c u i t s  a t  r ad io  frequencies are no t  e x p l i c i t l y  covered by t h e  curves. 
The proceedure f o r  induc t i ve  c i r c u i t  p ro tec t ion  now being appl ied 
involves i s o l a t i n g  the antenna c i r c u i t  from po ten t i a l  dc sources 
through t h e  use o f  b lock ing capacitors. The requirements f o r  these 
b lock ing capaci tors  come from UL-913 whereby two capaci tors  are placed 
i n  se r i es  and then tested f o r  vol tage breakdown w i th  an ac vo I ?age *keve 1 
equal t o  tw ice  t h e  working ( po ten t i a l  f a u l t  1 vol tage + 1000 v o l t s  rms. 
I t  i s  reasonable t o  expect t h a t  arcs from ac sources a t  r ad io  frequencies 
under f a u l t  cond i t ions  could explode a methane-air mlxture I n  a c i r c u i t  
no t  i n t r i n s i c i y  safe a t  dc. I t  I s  a l so  reasonable t o  asser t  t h a t  dc 
c l r c u i t  performance represents t h e  worst case; thus, a c l r c u i t  which I s T  
"dc i n t r l n s l c a l l y  safe" w I  1 l a l so  be "ac i n t r i n s i c a l  ly safe". 
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I f  i s  probably t o  the  designer 's advantage t o  take any steps toward 
m k i  ng an antenna "dc i n t r i n s i c a l  l y  safe", over and above any b lock ing 
i so i  at ion, i f  t h l  s can be accomp l lshed wi thout  serf ous perforrance loss. 
This could be termed the " inherent sa fe ty  fac to r "  o f  the  antenna. 
Toward eval uat ing ac i n t r i n s i c  safety, it ,may be worthwhl l e  t o  def ine 
operat ing power leve ls  f o r  which the  antenna would be T n t r l n s i c l y  safe 
I f  the dc and ac sparameters were the same and the dc curves could be 
app l  ied. 
I t  i s  possible t o  a t  leas t  p a r t l a l l y p - o t e c t  a  loop antenna wi thout  loss 
o f  performance so as t o  achieve some Inherent safety. ThIs Is posslble 
because the  NIA o f  a loop antenna o f  r e s t r i c t e d  dimensions i s  r e l a t i v e l y  
constant over a range o f  numbers o f  tu rns  and because there are ac losses 
i n  t he  antenna other  than those encountered ' in  t he  wi re resistance. 
Spec i f i ca l  ly:  
( 1 )  impedance level ;  the  antenna low-frequency wi re resistance 
should be as hlgh as i s  p rac t i ca l  wi thout  reduclng N I A  i n  
order t o  minimize the peak cur ren t  which could flow I n  t he  
c i r c u i t .  Th is  i s  accomplished by using as many tu rns  as 
possi bie. 
(2)  added ser i es loss; the antenna rnatchi ng c i  rcu  i t r y  1 asses w i l I 
produce an equivalent ser ies antenna loss res is tance I n  add l t i on  
t o  the  wi re resistance. A lumped current-1 i rn i t ing  res is to ' r  o f  
value comparable t o  th6 above loss resistance can be added 
wl thout  reducing the NfA s i g n i f i c a n t l y ,  The lumped resistance 
w i l l  reial 'n i t s  value a t  dc whereas the  w i r e  resistance w i l  I  not. 
I t  i s  hewer, i n  designing t o  a i l xed  al lowable  wi re r6slstance, 
t o  use L i t z  wi re and then add a lumped current - l  i m l t l n g  
r e s i s t o r  than t o  use s o l i d  wi re o r  stranded w i re  having the 
same res i stance as the  L I  t z  p  l us the  l umped res l s to r .  
Assuming the  dc curves app ly, t h e  cu r ren t  i n  t he  loop as a funct ion o f  
input  power i s  given by 
where, P i s  t h e  input  powei 
1 i s  t he  inductance 
(BW) i s  the  3 dB bandwidth 
so t h a t  f o r  a f i xed  maximum energy level ,  the at  lowable bandwidth i s  a 
func t ion  on ly  o f  t h e  input  power. I f  f o r  a f i xed  input  power and bandwldth 
t h e  cu r ren t  i s  t o  be minim! zed, then the cur ren t  i s  inverse ly  proport iona l  
t o  inductance, so the inductance should be as large as poss ib le  whl le  st111 
mainta in ing the bandwidth, 
The minimum i g n i t i o n  cur ren t  curve I s  given f o r  24 v o l t s  and essen t i a l l y  
p l o t s  a constant energy level ,  which determines the  bandwldth power 
re la t i onsh ip  f o r  t h a t  vol tage level. For o ther  vol tage leve ls  ( as defined 
on the vo l  tage-current curve ) , the  .constant energy I eve l varies. I f  t h e  
antenna parameters are f ixed, as i n  any p a r t i c u l a r  design, then t h e  
power cannot be independent o f  energy level  and must f o l  low the  voltage- 
cu r ren t  curve. 
The inductance o f  t h e  veh icu la r  antenna @ I MHz wl l  I  be shown in the next 
sect ion t o  be approximately 190 uh . To l l l u s t r a t e  poss ib le  power-bandwidth 
l i m i  t s  f o r  "ac i n t r i n s i c  safetyv", ca l cu la t i ons  were made assuming 
( 1 )  a constant energy o f  0.5 m i  l  l i jou le  
(2) energy-power as defined from voltage-current curve 
and antenna parameters 
( 3 )  inherent intrinsic safety  provided by 5 and 10 ohm 
current - l  i m i  t i ng res i s t o r s  
The r e s u l i s  o f  these ca l cu la t i ons  a re  given i n  Figure 51. This f lgure shows 
the vol tage-current derived cond i t ion  t o  be t h e  most s t r ingen? In  r e s t r i c t i n g  
t h e  minimum bandwid+h f o r  higher power leve ls  f o r  a 50 ohm matched antenna. 
Using t h i s  condi-kion as the basis,  a IO-ohm cur ren t  l i m i t i n g  r e s i s t o r  ( f o r  
examp le prov i  des I nheren-t p ro tec t ion  up t o  a power leve l  o f  about I I  waits, 
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6.0 SYSTEM CAPAB I L 1 TY DEF40NSTRAT I ON PLAN 
This sec t ion  con ta ins th  e elements o f  an MF system demonstratlon elan 
based on thepredicted r e s u l t s  and con f igura t ion  a l t e rna t i ves  f o r  t h e  
Lucerne #8 mine from Section 3.5. 
6.1 OBJECT l VES OF DEMONSTRAT I ON/TEST 1 NG 
The purpose o f  t he  dewns t ra t i on / t es t i ng  i s  to :  
Demonstrate t he  comnunicating c a p a b i l i t y  o f  a mlne-wide 
MF system desi gn; ge t  m i  ne personnel reactions 
Test p a r t i c u l a r  generic rad io  l i n k s  and combinattons o f  
Radio Terminal Element types independent o f  t he  p a r t i c u l a r  
overa l 1 system con f i gurat  i on 
Conf i r m  and/or improve upon the  MF system performance 
pred i c t  i ve mde  I capab l l l t y  
I d e n t i f y  any p a r t i c u l a r  fac to rs  o r  features associated 
w l t h  anMF system and/or t he  p a r t l  cut a r  designs o f  prototype 
Radlo Terminal Elements which w i l l  e i t h e r  const ra in  o r  
enhance m i  n i ng operat i  ons 
The overal  l demonstration p lan should include a per iod o f  operat ional  
usage bymi ne personne! so as t o  provide subject1 ve i nfbrmation such as 
r e l i a b i l i t y ,  m i n t a i n a b T l I t y ,  user acceptance o r  rejec+ion, l og i s t i cs ,  
and t r a f f i c  density/channel ( which may in f luence the spacing, locatior,, 
and type o f  Repeater Elements chosen 1. 
To servethese.ends, the  demns t ra t l on / t es t i ng  plan provides f o r  d e f l n i t e  
phases which include: 
Phase I l n s t a l l a t l o n  8 S c i e n t i f i c  Data Gathering 
performed by USBM and/or cornrnun i ca t i on  system 
Contractor personne l 
Phase I I Capab i l i t y  Demonstration & Mine Personnel T ra ln lng  
i nvo l v l  ng technology t ransfer  between USBM/Contractor 
and m[ ne personnel 
Phase I I I Operat iona 1 Eva l uat ion & Support 
performed by mi ne personne 1 us i ng the  system w 1 t h  
USBM/Contractor f urn l shed log i  s t  l ca l suppot-? 
A t  an appropr iate t ime I n  e i t h e r  Phase I1 o r  Phase I I I ,  the  plan should 
provi  de f o r  demonstrati ng the  capab i I I t y  t o  operat ions personnel o f  o ths r  
m i  nes/mi n i  ng companies and t o  commun i c a t ]  on system manufacturl ng 
representat  I ves. 
6.2 PROPOSEDSYSTEMCONFIGURATION 
The systemc on f igura t ion  f o r  demns t ra t l on / t es t i ng  i s  p ro~osed t o  
embrace the  use o f  Portable, Vehlcul ar, and Base Sta t ion  Rad l o  Terrrl na I 
E I  ements and o f  L i  ne Amp l  i f i e r  and Remote Base Repeater E l  ements, Use 
o f  a Li ne Coup I  e r  Repeater E I  ement may be i nc 1 uded i n a sect  ion, 
although i t s  use i s  not  f u r t h e r  addressed i n  the  technica l  d e t a i l s  o f  
the  p lan i n  t h i s  section, 
P r i o r  t o  ob ta in ing  f i e l d  s t rength measurements I n  the Upper Freeport 
seam, the  Lucerne #8 mine was considered by the  author t o  be too  smal l 
i n  extent  t o  adequately demnst ra te  system capab i l i t y ,  Th ls  was based 
on assuming t h a t  the seam cha rac te r i s t i cs  would be s i m i l a r  t o  those 
experi enced i n the Pi t tsburgh seam, 
Now, t he Lucerne #8 m i  ne appears t o  be I dea l f o r  system demonstrct ion/ 
t e s t i n g  a t  MF, This i s  because: 
The North and South Ma i n areas can be adequately 
p a r t i t i o n e d  w i th  I  i e l e  in ter ference from one ares t o  
another expected 
Each North and South ?!ai ns ares can be adequately served 
using a s i  ngle haulageway repeater ( extended quasi- 
conductor-f ree range i n rooms w i thou t  cond uctors may 
be i mproved by us f ng an add i t l ona  l repeater there ) 
basurernents support ing the use o f  e i t h e r  a Line Amplifier 
o r  a Remte Base type repeater, Inc lud ing l nterference 
f r ing ing ,  can conveniently be made i n  the general locat ion 
o f  t h e  po r ta l ,  
The p a r t i c u l a r  repeater locations, o f  Section 3.5, have been chosen 
based on the  assumption o f  using Llne Ampl i f iers,  These locat ions can 
be adjusted somewhat using Remote Base Repeaters; however, the sslected 
locat ions are approxi matel y co r rec t  f o r  both types. 
The p lan c a l l s  f o r  t e s t i n g  both types of  repeaters i n  these locat lons 
and, dur ing Phase I  ( o r  perhaps e a r l y  i n  Phase i l  1 se lec t ing  the  best 
performing type f o r  cont inuat ion i n t o  Phases L I  and I l l .  
The complement o f  system equi pments expected t o  be required fo r  the 
demns t ra t i on / t es t i ng  includes: 
2 ea Base Stat ions ( one u n i t  underground near the  po r ta l  
and one on t h e  surface ) 
2 ea Remote Base Repeaters 
2 ea Line Amp l i f i e r  3epeatet-s 
I ea Line Coupler Repeater 
The Vehicular  and Por tab le  r a d i o  complements consider outfitting two 
sect ions ( onein each o f  t h e  North and South Mains 1 p lus  maintainance 
and supervi sorypersonne l  . These comp l ements a re  i nc l us i ve o f :  
18 ea Vehiculars- 
2 ea e l e c t r i c a l  maintainance jeeps 
2 ea mechanical maintainance jeeps 
4 ea mantr ips 
2 ea shop veh ic les  
2 ea miscellaneous supply veh ic les  
4 ea sec t i on  ( 2 ea ex t ra  f o r  t e s t i  ng i n each o f  2 
sec t ion  veh ic les  
18 ea Portables- 
8 ea( 4 ea/sect lon) 
2 ea mechanical malntainance foremen 
2 ea e l e c t r i c a l  maintainance foremen 
2 ea supervi sory o r  1 nspectors 
2 ea spares 
2ea shop/porta I area personne l 
6.3 DEMONSTRATION/TESTING TECHNICAL APPROACH 
Phase I -  
The f i r s t  step i n  t e s f i n g  i s  to I n s t a l l  the Base Sta t i on  p l u s  one o r  two 
Vehicu lar  rad ios and t o  determine t h e  ranges V-V, V-P, P-P, V-8, P-8 
i n operat  iona l  l y  s i  gn i f i cant  areas o f  t he  m l  ne w i t hou t  rebeaters and 
f o r  both c lose coup l  i ng and remote coup l i ng I -entry away. Th i s t e s i i  ng 
w i l l  inc lude determining t he  e f f e c t  o f  l i n e  cha rac te r l s t i c s ;  namely, 
taps/branches and SWR ( i d e n t i f y i n g  any "dead" zones 1. 
The second step i s  t o  i n s t a l l  t he  haulageway repeaters ( one type  a t  a 
t ime and t o  determine V-6, P-B coverage f o r  an assumed s i ng le  user 
i n  a l l  ope ra t i ona l l y  s i g n i f i c a n t  areas o f  t h e  mine. Next, t h e  m u l t i p l e  
user and in te r fe rance  r e l a t e d  c h a r a c t e r i s t i c s  w i l l  be determined. These 
i nc l  ude: 
The i nter ferance f ti ngi ng produced,due t o  sirnul cas t  
transmissions, i n  t h e  p o r t a l  area; de f i n i ng  t h e  e f f e c t  
'on Base S ta t i on  reception, i f any 
The threshold  "capture" leve ls  f o r  simultaneous m u l f l p l e  
users des i r i ng repeater access 
The d i s t o r t i o n  caused by m u i t l p l e  "unhearing" Vehlculars 
o r  Portables accessing t h e  r e p e a t e r k )  a t  approximately 
t h e  same amp l i tudef-  leve l 
Deducing t h e  ground ru l es  f o r  operat ion when a Vehicular  
o r  a Por tab le  r a d i o  i s  c lose t o  a repeater 
From these s tud ies ,  t h e  l o c a t i o n s  chosen f o r  t h e  repeaters  w i l l  be 
eva luated and t h e  l o c a t i o n s  w i l l  be modi f ied  as required.Bepending 
on t h e  d e t a i  led opera t i ons  i n  sect ions,  t h e  L ine  Coupler Repeater may 
be i n s t a l l e d ,  e v a l u a t i n g  t h e  range ex tens ions  away from conductcrs 
ach ievab le  f o r  Po r tab le  o r  Veh icu la r  ope ra t i on  i n  a  quasi-conductor- 
f r e e  env i  r o n m n t .  
The above s c i e n t i f i c  s t u d i e s  w i l l  be used I n  con junc t ion  w i t h  t h e  
system performance predictive model, mod i f y ing  t h e  model ( i f  reau i rqd  1 
toward o b t a i  n i  ng compati b  I e theoretics l and experiments l  r e s u l t s .  
The opera t i ona l  s  i gn i f i cance o f  p a r t  i c u  l  a r  commun i c a t i o n  l i nks w i l l . 
be determined from mine superv isory  personnel d u r i n g  Phase I and w i  l  l  
impact t h e  d e t a i  l  s  o f  t h e  t e s t i n g .  
Phase I I -  
The f i r s t  s tep  i s  t o  conduct o r1  e n t a t  i on sess ions f o r  p o t e n t  i a  l user  
personnel on t h e  c a p a b i l i t y  o f  and t h e  mainatainance o f  t h e  r a d i o  
system. S p e c i f i c  emphasis w i l l  be p laced on acqua in t i ng  d i spa tche r  
o r  communication cen te r  personnel on t h e  c a p a b i l i t i e s .  
Some o f  t h e  Veh icu la r  and Portab l e  r a d i o s  w i l l be d  1 ssemi nated 
se l e c t  i ve l  y  t o  m i  ne superv i so ry  and ma i n t a  i nance personne l f o r  e 
"pre l i m i  nary  eva l  ua t  i on1' o f  capab i l i t y  and user acceptance, The 
resu l  t i  o f  t h i s  eva l u a t i o n  w i  l  l govern t h e  detai led p lans  f o r  
i nco rpo ra t  i ng add i ti ona l  rad  i os i n t o  :at. system l arge enough f o r  
a  demonstrat i on. 
The nex t  s tep  w i l l  i nvo l ve  a  b r i e f  fami l i a r i z a t i o n  and t r a i n i n g  
program ( i f requ i red 1 and then t h e  demonstrat i  on o f  t h e  system 
c a p a b i l i t y  t o  a l l  mine personnel.  Some mine personnel w i l l  o n l y  be 
convinced o f  t h e  u t i  l  i t y  o f  t h e  system once t h e y  a r e  a c t i v e l y  us ing  
it; o t h e r s  w i l l  r e q u i r e  o n l y  a  comprehensive demonstrat ion o f  
c a p a b i l i t y ,  
Phase l l  i s  expected t o  r e s u l t  i n  some m d i f l c a t i o n s o f  t h e  o v e r a l l  
con f  i g u r a t i o n  t o  accomdate  p a r t i c u l  a r  requ i  rements. These modi f i c a t  ions 
w i  l  l  be accomp l i shed p r i o r  t o  a  longer te rm eva l u a t i o n  program which 
i s  t h e  o b j e c t i  ve o f  Phase I I I, 
Phase I 1 1 -  
Phase I I I embodies a  r e l a t i v e l y  long t e r m  e v a l u a t i o n  o f  t h e  f u l l y  
ope ra t  iona l system 1 nc l ud i ng l o g i  s t  I ca l support  t o  be f u r n  i shed by 
USBM/Contractor. 
The f i r s t  s tep  i n Phase I I  I  i s t h e  "hand-of f" o f  t h e  system t o  t h e  
mine f o r  normal maintainance and support. Dur lng  t h e  f i r s t  p a r t  o f  f h k ,  
USBM/Contractor personnel w i l l  p e r i o d l c a l l y  eva lua te  t h e  c o n d i t i o n  a n t  
o p e r a b i l i t y  o f  t h e  System Elements, s y s t e m a t i c a l l y  reco rd ing  t h e  
reliability/maintainability experiences. T h i s  s tep  w 1  I I e s t a b l i s h  t h e  
t r u e  c o s t  bas i s  o f  such a  system t o  t h e  mine. 
The second step i n  Phase I l l  involves a combined mine/USaM analys is  
o f  the system benefits, system features, and i d e n t i f i c a t i o n  o f  
add i t iona l  features which, i f  avai table, would enhance the value 
o f  t h e  system, 
Throughout Phase I l l ,  con t ro l  o f  spare/repair  pa r t s  inventory w i l l  
be the  respons i b i l  i t y  o f  USBM/Contractor t o  ensure proper service 
and the  establ i shmn t  o f  records. 
Also dur ing Phase I I  I  w l t l  be an organized "publ ic  re la t ions"  e f f c r t  
toward technology t r a n s f e r  t o  t he  indust ry  based on t h e  "test-bed" 
system under eva I uat i on. 
6,4 DEFaNSTRAT I  ONITEST TASK SCHEDULE 
6.4-1 TASK 8 SCHEDULE DESCRIPT1ONS 
Considering the  MF System Elements t o  be on-hand a t  the  s t a r t  o f  t h i s  
a c t i v i t y ,  a program invo lv ing  approximately 23 months i s  envisioned. 
Phase I  i s  estimated t o  requi re  3 m n t h s  fo r  completion; al lowing, 
( I )  I-month f o r  i n i t i a l  i n s t a l l a t i o n  o f  ?he Base Sta t ion  
and selected Vehicular rad ios 
. - - ( 2 )  I-month f o r  gather ing s c i e n t i f i c  data and f o r  the  
i n s t a l l a t i o n  o f  rebeaters 
(3 )  I-month f o r  data evaluat ion and f o r  Phase I  I planning, 
these steps t o  be roughly sequential.  
Phase I  I i s  estimated t o  requ i re  8 months f o r  com~ le t i on ;  at lowing, 
( I I  omn th  f o r  user o r  i en ta t  ion 
( 2 )  I  -month f o r  p re l  l m i  nary system eva l  uat ion by supervl sory 
personnel and f o r  p l ann i ng the  overa l m i  ne dernons?r?t i on 
a c t i v i t y  
(3) 2-months f o r  i nsta l  l a t i o n  o f  t he  remaining Vehicular 
rad i os 
(4 )  I -mn th  f o r  personnel t r a i n i n g  and f a m l l l a r l z a t l o n  w i th  
the  system operat ion 
( 5 )  2-months o f  capabil  i t y  demonstration v ia  t r i a l  operat ion 
o f  the  e n t  i r e  demonstrat Ion system 
(6) 2-months f o r  assessment o f  r e s u l t s  and mine system 
reconf igurat ion,  i f  necessary 
Steps ( I )  d ( 2 )  performed concurrent ly ,  2 -mnths dapsed  t ime 
Steps ( 3 )  8 (4) performed concurrent ly ,  2-months e i a ~ s e d  Time 
Steps ( 4 )  8 (5 )  performed concurrent ly ,  2 -mnths elapsed t in2 
Step ( 6 )  performed sequen t i a l l y  f o l l ow ing  Steps ( 4 )  b ( 5 )  
Phase I l l  i s  est imated t o  r e q u i r e  12 months, minimum, f o r  campletion; 
a1 lowing, 
( I )  2-months f o r  "hand-off" o f  r e s p o n s i b i l l t y  f o r  normal 
maintainance and support; USBM/Contracfor f u r n i s h i n g  
very c lose  support  
(2)  USBM/Contractor v i  s  i t s  every 30-60 days t o  exam1 no 
equi pment, and t o  rev1 ew t he  system operat  iona l  
exper i ence f o r  the  rema i n i ng 10 months 
( 3 )  USBM/Contractor p rov i d  i ng "on-ca l I "  support 2nd h i 55- 
leve l  repai  r and mai n t a i  nance o f  t h e  system 
( 4 )  USBM/Contractor meetings p e r i o d i c a l l y  w i t h  mine personnsl 
f o r  overal  l reviews; a l s o  p rov i d i ng  dur ing pre-planned 
demonstrat ion a c t  i v i  ti es t o  the  m i  n i ng l ndust ry  
6.4.2 EST1 MATED LEVEL OF EFFORT 
Phase I i s  est imated t o  r equ i r e  t h e  equi.valent o f  2 men f u l l  t ime  f o r  
3 months; o r  approximately 126 man days o f  e f f o r t .  
Phase I  I  I s  est imated t o  r equ i r e  t he  equ iva len t  o f  I man f u l  l t ime f o r  
8 mnths ;  o r  approximately 168 man days o f  e f f o r t .  
Phase I  I1  i s  est imated t o  r equ i r e  t h e  equ iva len t  o f  man f u l l  iime f o r  
10 m n t h s  and I  man f o r  2 months; o r  approximately 147 man days o f  e f f o r t .  
7.0 REFE3EXE I F.133 83' MF TEZI-1>J(? LOGY RESOURCES 
This sect ion i s  intended as a resource guide t o  ava i lab le  l i t e r a t u r e  
on MF technology per ta in ing  t o  underground coal mines. Many o f  the 
documents l i s t e d  i n  t h f s  sect ion are no t  i n  the  open l i t e r a t u r e ,  
inc lud ing NTIS. Access t o  these documents may be obtained through 
consul t a t i o n  w i th  U.S. Bureau o f  Mines PMSRC technica l  personnel a t  
the  Bruceton Research Center o r  v i a  contact  w i t h  the  author(s) ,  
General release o f  informat ion may be subject  t o  governmental 
app rova I. 
The documents are here in  d iv ided according t o  subject  matter; the  
major t o p i c a l  areas being subsections o f  . t h i s  section. 
7.1 MEASURED PROPAGATION DATA 
The fo  l low i ng two repor ts  were prepared under USBM Contract H0346067, 
Phase I ,  Rockwet l /Co i l i ns  Subcontract C-651171 by Spectra Associates, 
Inc. e n t i t l e d  "Mine Wireless Propagation Test Program". 
( I Cory, T.S., "Summary Data Report-I , Rose Va I I ey M i  ne MeasurementsT', 
7 January, 1975 
This cornproses the  f i r s t  documented se t  o f  MF f i e l d  s t rength 
measurements ever made. This repo r t  i s  contained as Appendix 1 1 1  
t o  the  Mine Wireless Phase I F ina l  Report. Rose Val ley Is an 
AC mine. 
Measuremnts were performed i n  the  I -Left ,  Main East working 
sect ion o f  t h i s  mine i n  t he  Pi t tsburgh seam. Data includes quasi- 
conductor-free f i e l d  strength, f i e l d  s t rength near conductors 
( 4160 VAC cable and phone l i n e  > and conductor cur ren t  d i s t r l bu t l ons .  
Test t ransmi t  antennas included the  coal p i l l a r  VMD. F ie ld  po ia r l za t l on  
o f  t he  receive antenna was varied, South Af r ican ( ECAM and 
Motorola UHF portables were range tested, 
- HMD pol a r i  za t ion  was observed f o r  t he  f I r s t  ti me t o  prov i  de the 
strongest coup l i ng, bu t  c lose prox l  m i  t y  t o  conductors prec l uded 
p o s i t i v e  identification o f  it as the  e x c i t e r  o f  the primary 
conductor-free coal seam propagation mde. 
( 2 )  Cory, T.S., "Sumnary Data Report-2, l r e  land Mine ~basuremnts" ,  
12 March, 1975 
This comprised t h e  f i r s t  documented r e s u l t s  i n  a conductor-free 
area i n  a coal mine. HMD po la r i za t i on  was confirmed as p rov id ing  
the  strongest coup l ing i n the  coa 1 seam. re1 and i s a DC m i  ne. 
Measurements were performed i n  t he  8-North Escapeway area o f  the  
mine. Magnetic f i e l d  s t rength vs range and frequency was obtained; 
also, the  maximum range l i m i t  o f  the  ECAM rad ios was determined, 
The August 1974 observations o f  BuMlnes personnel i n  t h i s  same 
mine were confirmed w i th  range; w i t h  a range o f  1200 f e e t  i n  the  
Pi t tsburgh seam being ver i f ied .  
The f i r s t  maxi mum communication range vs frequency curve used 
as t he  basis f o r  t h e  C o l l i n s  FM Mine Wireless r a d i o  development 
was derived, 
The f o  l low i ng s i x repor ts  were prepared under USBM Contract  H0366028, 
Rockwel l /Col l ins Subcontract C-651333 by Spectra Associates, Inc. 
en t  i t l  ed "Propagation o f  EM S i gna l s i n Underground M i  nes". 
( 3 )  Cory, T.S., "Summary Data Report-I, I re land  Mine Test Data a t  
Med i urn Frequenq ," I October 1 976. 
Measurements were performed i n  t he  8-North Submain,close t o  t he  
8-North Escapeway o f  Reference (21, one en t r y  removed from t h e  
AC power cable. The presence o f  t he  cab le  was observed no t  t o  
cause a decrease i n  f i e l d  s t rength ( n u l l  regions 1. Both 
p r i n c i p a l  HMD po la r i za t i ons  o f  magnetic f i e l d  were taken. 1033 
kHz was observed t o  produce t he  greatest  f i e l d  s t reng th  exc i t a t i on .  
The f i r s t  measuremnt o f  a f i e l d  s t reng th  "she1 f"  due t o  conductor 
sca t t e r i ng  was made and observed. Quasi-conductor-free ranges I n  
excess o f  1000 f e e t  were again observed. . 
Data was gathered compri s i ng t he  f i r s t  "area coverage" f i e  l d 
s t reng th  contour mapping i n  t he  8-North 3-Right working sect ion.  
Th is  data showed f o r  t h e  f i r s t  t ime  t h a t  complete area coverage 
o f  a working sec t ion  panel could be obtained from a s i ng le  
transmi W e r  l ocat  i on nea r  t h e  sec t  i on b e l t  headp i ece. 
( 4 )  Cory, T.S., "Sumnary Data Report-2, Sesser M i  ne Tests a t  Medl urn 
Frequency .and UHF, " November 1976 . J  
Measurements were performed i n  t h e  Esat Maios and i n  t he  East 5-Left, 
6-Left,  and 9-Ri ght  worki ng sect ions.  Cornparati ve t e s t 1  ns o f  t h e  
Co l l i ns FM M i  ne W i re1 ess pro to type and t he  ECAM SSB rad 10s were 
made i n  a quasi-conductor-free area. The measurements included 
quas i -conductor-f ree magnet l c f i e l d s t reng th  t e s t s  and extens i ve 
magnetic f i e l d  s t reng th  mappings. The maximum range o f  t h e  UHF 
portab l e rad ios was a i so observed. Sesser I s an AC m I  nee 
These measurements,in the  He r r i n  #6 seam, were t he  f i r s t  t o  be made 
out o f  t he  P i t t sburgh  seam. The r e s u l t s  exh ib i t ed  a g rea t l y  
decreased quasi-conductor-free maximum range o f  about 400-500 feet. 
Cornparab l e ranges were observed w i t h  t h e  FM and SSB radios; t h e  
C o l l i n s  FM rad io  having a s l i g h t  edge over t h e  ECAM SSB radlo.  
The f i r s t  con f i rmat ion  o f  c a r r i e r  cu r ren t  conducted i n  mine w i r i n g  
producing i n  excess o f  one m i l e  o f  comnunication range was obtained. 
The Herr  i n #6 seam exh i b i t e d  t h e  h i ghest f i e l d s t reng th  a t tenua t  I on 
p roper t ies  w i t h  range o f  any coa I seam measured t o  date. 
(5) Cory, T.S., "Summary Data Report-3, Consolidation Coal Mine No. 
95 ( Robinson Run Por ta l  1," December 1976. 
bkasurements were made i n  the  blain North 2-West area o f  t h i s  nine; 
cons is t  i ng o f  both quasi -conductor-free and conductor-proxi m i  t y  
data. Th is  mine was the t h i r d  t o  be used f o r  t es lng  i n  t he  Pi t tsburgh 
seam. Robinson Run i s  a DC rnlne. 
The r e s u l t s  i n t h i  s m i  ne conf i rmed the  r e s u l t s  from the  Rose 
Valley and I re land mines. Test ing was l imi ted,  f o r  the  f i r s t  time, 
t o t h e  p r i nc ipa l  HMD po la r i za t i on  except near conductors. 
(6)  Cory, T.S., "Summary Data Report-4, Eastern Associated Coal Federal 
No. I Mine ( Eddy Por ta l  1 ," December 1976. 
Test ing was conducted i n  two areas o f  t h i s  DC mine i n  the  PTttsburgh 
seam; the  8-Main-North and 3-Main-Left working sect ions 10 and 2 2 .  
Both quas i -cond uctor - f  ree and conductor-proxi m i  t y  magnet i c f i e l  d 
s t rength data were gathered. 
The resu I t s  i n  t h i s  mine again confirmed previous measured resu l t s  
i n  the Pi t tsburgh seam. The resul  ti ng data curves were so we1 I 
ordered t h a t  they have been used by the  author as being t y p i c a l  o f  
t he  Pi t tsburgh seam f o r  system calcu la t ions.  
(7)  Cory, T.S., "Sumnary Data Report-5, isloand Creek Coal Co. Vi rg in ia  
Pocahontas No. I Mine," February 1977. 
Test ing was conducted i n  two areas o f  t h i s  ~d mine i n  the Pocahontas 
#3 seam; the  2-North #I Plow and 3-South areas. Th i s was the f l r s t  
mine i n  low-medium coal I n  which measurements were made. 60th quasl- 
conductor-free and conductor-proxi m i  t y  magnetic f i e l d  s t rength data 
were sathered, Also, the Cot l i ns FMp-ototype rad los were range 
tested both i n  a room-and-pil lar area and through a s o l l d  block o f  
coa I. 
The concept o f  sca t te r  gain was f i r s t  appl ied t o  measured r e s u l t s  t o  
p red i c t  the  f l e l  d s t rength I n prox i  m l  ty t o  conductors. 
This i s  t he  f i r s t  mine i n  which the  in-seam f i e l d  s t rength was 
observed t o  be s i g n i f i c a n t l y  topology dependent.The apparent maximum 
communication range between portables was 140-150 meters through 
the  coa l b i ock compared w i t h  up t o  280 meters i n the  room-and-p l l t a r  
area , 
Quas i -conductor-f ree ranges were i ntermed l a t e  t o  those t y p  I f y l ng 
the  P i t t sburgh  and Her r i  n 86 seams. 
(8) Cory, T.S., "Summary Data 2eport-6, Peabody Coal Co. Mlne No. 10," 
March 1977, 
Test ing was conducted i n  two areas o f  t h i s  DC mine I n  the  
H e r r i n  #6 seam; t he  I-South 1s t  West and 5i-East/l-South 8 I-Sou+h 
Main j unc t i on  areas. Both quasi-conductor-free and conductor- 
p rox i  m i  t y  magnetic f i e  1 d s t reng th  data were gathered. 
The r e s u l t s  conf i rmed t h e  previous Sesser r e s u l t s  i n  t he  He r r i  n #6 
seam, 
Further ev i  dence o f  t he  topo log ica l dependence o f  f i e  i d s t reng th  
data was obtained f o r  frequencies above-1000 kHz. 
A p a r t  i cu 1 a r  t r o  l l eyphone branch s i gna I t'suck-out't prob l em was 
ana l yzed and reported, 
( 9 )  Cory, T.S., "Propagation o f  EM Signals i n  Underground Mines," 
Spectra Associ ates, I nc. on Subcontract C-65 1 333 f o r  Rockwe l I /  
C o l l i n s  under BuMines Contract  H0366028, September 1977. 
Th is  f i n a l  r e p o r t  sumnarizes the  r e s u l t s  o f  references ( 3 )  - (8 ) .  
Computation o f  maxi mum communication range i n quasi-conductor-free 
areas were made us i ng Co I l i ns FM proto type equi pment parameters 
and set-no i se/rned i an-mi ne-no i see 
The d e t a i l s  o f  t h e  measuring equipment arrangement and c a l l b r a t i o n  
are  described i ncl udi ng t he  development and packaging o f  the  t e s t  
transmi tt i ng equ i pment. 
The Fo 1 l ow i ng f i ve repo r t s  were prepared under USBM Cont ract  H0377053, 
-Rockwe1 l /Col I i ns  Subcontract C-65 1672 by Terry  S. Cory, P.E. e n t l  t l e d  
"E l ectromaonet i c Propagat i on i n Low Coa l Mi nes a t  k d  iurn Frequenc i 8s." 
(10) Cory, T.S.,"Sumary Data Report-I, He lve t ia  Coal Co. Margaret # I  I 
Mine", January 1978. 
Test ing was conducted i n  two areas o f  t h i s  AC mine I n  i h e  Upper 
Freeport ("E") sesm; q u a s i w n d u c t o r - f r e e  magnetic f i e l d  s t reng th  
measurements were performed i n  t he  I -But t  sec t lon  and conductor- 
p rox i  m i  t y  measurements were performed i n t he  2-Butt sect ion.  
The quasi-conductor-free f i e l d  s t reng th  a t tenua t ion  r a t e  I n  t h i s  
mine was exceeded on l y  by t h a t  experienced i n  t h e  H e r r i n  #6 seam. 
Th is  mine i s  i n  t h e  same seam as Lucerne #8 which employs roughly 
comparable mining techniques. The data from t h i s  mine has been 
used t o  est imate MF system performance I n  Lucerne #8. 
( I I 1 Cory, T.S., "Summary Data Report-2, Upshur Coa l s Corporat ion 
Adr ian M i  ne," February 1978. 
Tes t ing  was conducted i n  t he  area p a r a l l e l  t o  Road 83C between 
I s t  R ight  and 2nd R igh t  i n  t h i s  DC mine i n  t he  Upper Freeport  ("En) 
seam. Th i s  m i  ne I s  i n h I gh coal  near where t h e  Upper Freeport  seam 
outcrops. 
Magnetic f i e l d  s t reng th  data was obtained f o r  The quasi-conductor- 
f r e e  case on l y  a t  90 d 220 kHz due t o  equipment malfuncifan. 
( 12) Cory, T.S., "Summary Data Fceport-2, Bethlehem Steel Coal Mlne 
131 Nanty Glo," March 1978. 
Test ing was conducted i n  two widely separated areas I n  t h i s  
large o l d  DC mine i n  t he  Lower K i  t t ann i  ng ("6") seam; the Main N 
and 5-Cross areas. Both quas i -conductor- f ree and cond uctor-proxi m i  t y  
data were gathered. 
Conductor-proximi t y  data was gathered f o r  t h e  f i r s t  t ime i n  a form 
t o  enab l e the d i r e c t  determi na t ion  o f  sca t te r  gai n from t h e  measured 
data. 
Data was gathered f o r  the  f i r s t  ti me i n a p a r t l c u  l a r l y  low head 
clearance area where y b  l a rge ly  f i I led the  en t ry  crossectIon i n  
which measurements o f  magnetic f i e l d  s t rength were being made. 
The maxi mum communication range f o r  t h i s  seam was i ntermed I ate t o  
the lJpper/Lower Freeport and Pi t tsburgh/E l khorn X3 seams. 
(13) Cory, T.S., "Summary Data Report-4, Bethlehem Steel Coal Mine 3aD 
Ehrenfeld," b r c h  1978. 
Test i  ng was conducted i n the I-Ri gh t  Ma1 n B area o f  t h i s  DC m i  ne 
i n t he  Lower Freeport ("D" ) seam. Both quas i -conductor-f ree and 
conductor-proxi m i  t y  magnet i c f l e l d st rength data were gathered. 
. . 
Aga i n, conductor-proxi m i  ty data was gathered i n a form compri s ing  
t he  d i r e c t  measurement o f  sca t te r  ga i n. 
Maxi mum comnuni ca t ion  ranges f o r  the  Upper and Lower Freeport seams 
were observed t o  be comparab le. 
(14) Cory, T.S., "Summary Data iteport-5, National Mlne Corp. Stinson 13 
Mine," May 1978. 
Test ing was conducted i n  t he  C-Section area o f  t h i s  AC punch mine 
i n t h e  El khorn #3 seam. Both quas i -conductor-f ree and conductor- 
p m x i  m i  t y  magnet i c f i e  l d s t rength data were gathered. 
Conductor-proxi m i  t y  data was gathered w i th  primary emphasi s on the  
p a r t i t i o n i n g  o f  f i e l d  s t rength po la r i za t ion .  VMD po la r i za t i on  was 
determined t o  be predominant a t  low frequencies; HFD polarization 
was determi ned t o  be predomi nant a t  h igher frequenci es. 
Quas i -cond uctor- f ree maxi mum correnun I c a t  ion range was observed t o  be 
second only  t o  the Pi t tsburgh seam. . 
( 15 )  Cory, T.S., "Electromagnetic Propagation I n  Low Coal Mlnes a t  Medium 
Frequencies," Terry S. Cory, P.E. on Subcontract C 6 5  1672 f o r  
Rockwe l l /Co l I i ns under But41 nes Contract H0377053, June 1972. 
This f i n a l  r epo r t  summarizes the  r e s u l t s  o f  References (10) - ( 1 4 ) .  
Computation o f  maximum communication range i n  quasl-conductor-free 
areas was made us i ng the  Col l I ns FM prototype equipment parameters 
& set-noise/median-mine-noise. 
The composite maxi mum range resu I t s  o f  Reference (9)  and t he  low 
coal measurements i s  g i  ven. 
(16) Cory, T.S., "Magnetic F i e l d  Strength Mapping o f  t h e  He l ve t l a  Coal 
Co. Lucerne 18 M i  ne a t  b d i  um Frequency," Ter ry  S. Cory, P.E. 
under BuMines Purchase Order P0372716, September 1977. 
The r e s u l t s  o f  MF magnetic f i e l d  s t r sng th  rapp ing a re  presented 
f o r  t h i  s  m i  ne i n t h e  Upper Freeport  ("El') seam. 
Th is  measured data prov ides a bas is  f o r  area coverage and conductor 
c a r r i e r  cu r ren t  s tand ing wave r a t i o  es t ima t ion  f o r  t h i s  mine. 
(17) Cory, T.S., " I n -S i t u  Peasurement o f  Coal Seam Conduc t i v i t y  us1 ng' 
a Para1 l e l  Wire Transmission L ine Method," Special Technical 2epor-t 
on Ter ry  S. Cory, P.E. Subcontract C-65 1672 f o r  b c k w e l  l /Cot l i n s  
under BuMi nes Cont rac t  H0377053. 
Th is  r e p o r t  presents a unique technique f o r  determining t he  coal 
seam conduc t i v i t y  v i a  measurement o f  the  propagat ion phase constant  
on a spaced open two-wire t ransmiss ion l i n e  and curve f i t t i n g  w i t h  
computed data. Deri  va t i on  o f  t h e  t heo re t i ca l  model i s  given; 
c o n d u c t i v i t i e s  a r e  determined us ing t he  technique f o r  two mines. 
(18) Cory, T.S., "Wireless Radio Transmission a t  Medium Frequency i n  
Underground Coal Mines - Sumnary o f  Measurements and Expected 
System Propagat i ona l E f f e c t s  ," 1 978 USBM Gu l ded Wave E l  ectromagnet I c 
Workshop under BuMi nes Purchase Order PO38 1076, March 1978. 
Th i s paper summar i zes MF propagat 1 on f i e l  d s t reng th  measured resu l ts 
t o  data and t he  maximum range computations which can be made from 
them ( i nc l ud i ng those us 1 ng s c a t t e r  gai n 1. The paper draws from 
References (9 )  and (15). 
(19) Balanis, G.A., e t .  al., " E l e c t r i c a l  P roper t ies  o f  Eastern Bltuminous 
Coal as a Function o f  Frequency. Po la r i za t ion ,  and D i r e c t i o n  o f  t h e  
Electromagnet ic  Wave, and Temperature o f  t he  Sample," West V i r o i n i a  
Un i ve ts  i t y  , 1 978 USBM Gu i ded Wave E l  ectromagnet 1 cs  Workshop, 
March 1978 
Th is  paper r epo r t s  on a se r i es  o f  systemat ic laboratory  measurements 
on coal  samples toward determining t h e  c o n s t i t u i t l v e  p r c p e e i e s  
( d i e l e c t r i c  constant  and conduc t i v i t y ) .  
The d i e l e c t r i c  constant  i s  e s s e n t i a l l y  independent o f  wave po la r i za t i on ,  
d i r e c t i o n  o f  t r a v e l ,  and decreases s l i g h t l y  w i t h  increase i n  temperature. 
The conduc t i v i t y  i s  less by a f a c t o r  o f  3-6 f o r  a v e r t i c a l l y  po la r i zed  
wave than f o r  a ho r i zon ta  l I y po l a r i  zed wave and decreases s l  i g h t l  y  
w i t h  i ncrease i n temperature. 
The conduct i v i  t y  l ncreases and t he  d i e l  e c t r i  c constant  decreases w I t h  
i ncrease i n frequency . 
(20) Chang, D.C. d Kuester, E.F., " In-S i tu  Determination o f  B u l k  
E l e c t r i c a l  Proper t ies  o f  Coal ," Fina l  2eport, USBM Contract  
P0172080, A p r i l  1977. 
Th is  f i n e  survey work reviews the  techniques o f  conduc t i v i t y  
determi na t  ion appropri a te  f o r  var ious frequency ranges o f  
in te res t .  The techniques are described i n  d e t a i l  together  
w i t h  t h e  necessary in fo r rna t iodda ta  t o  implement them, 
(21 1 L y t l  e, R.J., "Measurement o f  Earth bbdi urn E l e c t r i c a l  Characteri  s t1  cs 
Techniques, Results, and App I i cations," Lawrence L i  vermore 
Laboratory, IEEE Trans. Geosclence Electronics,  Ju l y  1974. 
This survey paper i s  s i m i l a r  i n  s t r uc tu re  and content t o  
Reference (20) bu t  i s  more genera l l y  o r ien ted  toward ear th  
mater ia ls ,  
(22) Parkhomenko, E.I., " E l e c t r i c a l  Proper t ies  o f  Rocks," l n s t i t u f e  o f  
Physics o f  t he  Earth, Acadamy o f  Science o f  the  USSR, Translated 
and Edi ted by G.V. Ke l le r ,  Pienum Press, New York 1967. 
This book i s  a foundation resource f o r  t h e  e l e c t r i c a l  p roper t ies  
o f  ear th  and rocks; a l so  i n c l  uding some data on coal. 
7.2 CONDUCTOR-FREE PROPAGAT l ON ANALYS I S 
(23) Cory, T.S., "Research Report - MIne Wireless Comnunicaf Ion Models . 
a t  Medium Frequency," Spectra Associates under Subcontract 
C-651 171 f o r  Rockwel l Col I ins, 7  March 1975,. 
This repo r t  was prepared f o r  Packwe1 l/Col l l n s  f o l  lowing completion 
o f  t h e  measurements o f  References ( I )  and ( 2 )  and was probably 
no t  f u rn i  shed t o  t h e  Bureau. Thi s r epo r t  i s  avai fable from the  
author. 
The r e p o r t  works toward v a l i d a t i o n  o f  the  I re land  mine measured 
data by: 
(a Emp I oy i ng the  method o f  images and mod i f i ed geornetr 1 ca l 
o p t i c s  t o  p r e d i c t  t he  coal seam m d e  e x c i t a t i o n  leve ls .  
(b)  Explor ing t he  c lose- in  t r a n s i t i o n  o f  t h e  optimum field 
p o l a r i z a t i o n  from VF83 t o  HMD 
(c )  F i t t i n g  t h e  f a r  range f i e l d  s t rength data t o  an exponential 
decaying model 
Th is  r e p o r t  developed an ana l y t i ca l  model f o r  t he  f i r s t  p red i c t l on  
o f  conductor sca t t e r i ng  e f fec ts .  Th is  ana lys is  included a rr~odel 
f o r  t h e  monof i la r  mode propagation constant on a  quas i -s ta t ic  basis. 
(24) Lagace,R.L., e t .  a l .  , "Propagation o f  Radio Waves i n  Coal Mines," 
Ar thur  D. L i t t l e ,  lnc., Contract  Report, Task F, Task Order #I ,  
USBM Contract  H0346045, October 1975 
This  r e p o r t  presents t h e  f i r s t  t heo re t i ca l  quasi-EM m d e  
ana lys is  f o r  t he  MF coal seam waveguide mode propagation 
and the  model i s  va l ida ted  v i a  comparison o f  measured r e s u l t s  
and t h e o r e t i c a l  analyses, 
The theory, subsequently re f ined,  has provided t he  bas is  f o r  
no t  on l y  v a l i d a t i n g  measured r e s u l t s  i n  a l l  ensuing measurement 
programs, bu t  a l so f o r  de r i  v i  ng cons t i  t u i  ti ve p roper t ies  f o r  
t h e  coal seam and f o r  t h e  rock overburden/underburden. Th is  
i s  a 3- 1 ayer m d e l  assumi ng equa l overburden/underburden 
const  i t u i  t i ve parameters. 
The theory and ana lys is  technique are p a r t i c u l a r l y  useful  f o r  
engineer ing R & D purposes as they can be implemented on an 
HP-67/97 ca l cu 1 a to r ,  
(25) Decker, RoPo, "Notes on Comparison o f  Measured Mines Magnetic 
Fi  e l  d Strength Data by Mu I ti - 1  ayer Theory," Spectra Associ ates, 
Unpubl ished monograph, 13 Decmber 1976, 
Th is  paper i s  ava i l ab le  on l y  from the  author, I t  employs the  
senera l mu1 ti - layer  theory  o f  Walt t o  coal seam waveguide 
propagation us i ng a f i ve- l ayer m d e l  permi tt l ng d i f f e r l  ng 
c o n s t i t u i t i v e  parameters f o r  t he  overburden and t he  underburden, 
The paper conta ins  comparisons o f  both the  5-layer and ADL 
3- layer  m d e l s  w i t h  the measured data. 
Th is  ana lys is  i s  p a r t i c u l a r l y  useful i n  making propagation 
p red i c t i ons  a t  the  lower LF/MF frequencies o f  nominal l y  200 kHz 
and below. 
(26) Wait, J.R. & Spies, K.P., "On Ca lcu ia t lon  o f  t h e  Modal Parameters 
o f  an 1 dea 1 i zed Earth-Crust Waveguide," ONR Report # I  , March 197 1 . 
This r epo r t  provides t he  foundation theory on which Decker's 
ana lys is  ( Reference 25 was based. 
(27) Wait, J.R., "Note on t he  Theory o f  Transmission o f  E lec t romgne t I c  
Waves i n  a Coal Seam," Radio Science, Vol. 1 1 ,  N0.4 pp.263-265, 
A p r i l  1976. 
Th is  paper cons t i t u t es  Waits i d e n t i f i c a t i o n  o f  MF coa l  seam 
waveguide propagation t o  h i s  ea r l  i e r  work, p u t t i n g  the  theory  
i n the  open l i te ra tu re .  
(28) Lagace, R.L. A Ernslie, A.G., "Theory o f  t h e  Propagation o f  Low 
and Vedi urn Frequency Radio Waves i n  a Coal Seam," Radio Science, 
Vol. 1 1 ,  No.4, pp. 253-262, A p r i l  1976. 
Th is  paper cons t i t u t es  a ref inement o f  t h e  Reference (24) mater ia l  
and presents t h e  f i r s t  exposure o f  t he  3-layer quasi-TEM mode theory 
i n  t h e  open l i t e r a t u r e .  
(29) Lagace, R.L., e t .  a I . ,  " b d e l  l ing  and Data Analysis o f  I  n-Mi ne 
Electromagnetic Wave Propagation," Arthur D. L i t t l e ,  Inc., 
Interim:. Report, Task Order #4, USBM Contract  H0346045, May 1978. 
This repor t  presents va l i da t i on  o f  the  measured data o f  
References (2) - (8 )  w i t h  a companion analys is  based on the 
3-layer mde l .  From the analysis, c o n s t i t u i t l v e  parameters o f  
t he  coal seam and o f  t h e  rock are derived f o r  each mine/seam 
eva I uated v i  a measurements. 
a 
(30) Lagace, R.L. & Emslie, A.G., "Analysis o f  MF Propagation Data 
from Margaret # I  I  , Nanty Glo, Ehrenfeld, and Adrian Coal Mines," 
A r t  hur D. L i t t l e ,  I  nc., Worki ng Memrandurn, Task Order #4, 
USBM Contract  H0346045, May 1978. 
This repor t  provides the companion analysis, simi l a r  t o  t h a t  o f  
Reference (291, f o r  the low coal m i  nes f o r  which measured data 
i s  given i n  References (10) - ( 1 4 ) .  
(31) Emslie, A.G. 8 Lagace, R.L., "Medium Frequency Radio Propagation 
and Coupl ing i n  Coal Mines," Arthur D. L i t t l e ,  Inc., 1978 U56W 
Guided Wave E l  eciromagnetic Workshop, March 1978. 
This paper reviews some o f  t h e  Reference (29) r e s u l t s  and presents 
a r e f  i nement t o  the  theory, us i ng Bann i s t e r l  s quasi - s ta t  i c l mage 
.technique, t o  improve on the  m d a l  e x c i t a t i o n  level  and the  
close- in pred ic ted f i e l d  strengths. Good agreement w i t h  measured 
data i s  obtained between nominally 100 and 1000 kHz. 
7.3 COUPLED CONDUCTOR PROPAGAT I ON ANALYS I S 
(32)  Ib id.  Ref, (231 Section 4.0 "bde12s f o r - F l e l d s  I n  an-:Area Wlth 
b n d  uctors? 
A simp l e theory i s presented based on coup l i ng from a matched, 
terminated s ing le  l i n e  source t o  mu l t i - tu rn  t ransmi t  and receive 
loop antennas i s  presented; inc lud ing d e f i n i t i o n  o f  the  monof i lar  
mde propagat ion constant. The range decay o f  f i e  i d  s t rength .58 
perpendicular ly away from the  l i n e  source i s  modif ied t o  be l/r 
based on measurements taken i n the  Rose Val ley m i  nee 
(33) Ibid.Ref. (91, Section 4.2 " Analysis and Development o f  System 
Appl i c a t i o n  o f  Data" 
The theory o f  sca t te r  gain i s  pu t  f o r t h  f o r  the p red i c t i on  o f  
conductor-proxi m i  t y  f i e l  d strengths from a remote transml t t e r .  
Ca 1 cu  1 a t  i ons o f  conductor-proxi m i  t y  maxi mum commun l c a t  I on range 
are given f o r  the Pi t tsburgh, He r r i n  86, and Pocahontas #3 seams 
vs range o f  the t r ansm i t t e r  away from the  conductor ensemble us1 ng 
C o l l i n s  FM prototype rad io  parameters and set-noise/rnedian-rnine-nolse. 
A t  the  t ime o f  t he  wr i t ing ,  correlation o f  sca t te r  ga in  from 
theo re t i ca l  and measured data was ava i l ab le  on ly  i n  two Iso la ted 
cases. Formul as f o r  sca t te r  gai n were developed f o r  each of  t he  
three seams. 
(34) Ib id .  Ref. (151, Sect ion 2.2.1 "Computation C r i t e r i a  8 Techniquest'; 
Sect ion 3.3 "Scat ter  Ga i n Cornpar i sons" 
Sca t t e r  ga in  formulas a re  presented f o r  t h e  Lower and Upper Freeport, 
and Lower Ki t t a n n  i ng seams. 
Extensive comparisons o f  computed s c a t t e r  ga in  and s c a t t e r  ga in  
determi ned d i r e c t  l y from measurements a re  g i  ven; va I i d a t l  ng t h e  
use o f  t h e  theory. 
(35) Ems l  i e, A.G., et.a I. , "Theory o f  t h e  Dedicated W i  r e  as a Means o f  
A id ing  Propagation on a T r o l l e y  Wire," A r thu r  D. L i t t l e ,  Inc., 
Working Memrandurn 1-8, USBM Con t rac t  H0346045, September 1976. 
A t h e o r e t i c a l  ana lys is  i s  g iven which pu ts  f o r t h  t h e  value o f  a 
dedicated w i r e  placed para l  l e i  t o  and I n  c lose  p rox im i t y  t o  a 
t r o l  ley  w i  r e  conductor t o  "s tab i  l i ze" t h e  transrni ss ion  o f  c a r r i e r  
cu r ren t  past  branch/ j unct  i on po i n t s  md a long mu l  t i  -conductor 
ensembles t o  minimize j u n c t i o n  s igna l  rtsuck-out" problems and 
wh i ch prec l udes severe I osses due t o  unwanted m d e  conversion. 
(36) Ems1 ie, A.G., e t .  a l  ., "Use o f  Auxi I 1 i a r y  Dedicated Wires as a 
h a n s  o f  A id ing C a r r i e r  Current  Propagation on a Trobley Wire/ 
Ra i l  Transmission Line," A r thu r  D. L i t t l e ,  Inc., 1978 USBM 
Gui ded Wave El ectromagnet i c Workshop, March 1978. 
Extending Refernce (351, an a p p l i c a t i o n  o f  t h e  dedicated w l r e  
theory  t o  t h e  coup l i ng between a dedicated w i r e  and t h e  DC 
t r o l  ley w i r e / r a i  l t ransmiss ion l i n e  i s  given. Resul ts show t h e  
advaniages o f  a loose ly  coupled dedicated w i r e  toward p rec lud ing  
nu1 l  zones i n  t r o l  ley w i r e  c a r r i e r  c u r r e n t  operat ion.  
(37) Lagace, R.L. 8 Emslie, A.G., "Coupling o f  t h e  Coal Seam Msde t o  a 
Cable i n  a Tunnel a t  Medium Radio Frequencies," A r thu r  D. L i t t l e ,  
I nc., 1978 USBM Gui ded Wave Electromagnet ic  Workshop, March 1978. 
A theory  i s  p u t  fo r th ,  based on t h e  use o f  m u l t i p l e  ' 'Bannister 
images", t o  p r e d i c t  t h e  coupl i ng i n t o  ex i  s t i  ng m i  ne w i  r i n g  cab l  i ng 
as an ex tens ion o f  t h e  3-Layer m d e l ,  S u f f i c i e n t  data Is n o t  
a v a i l a b l e  t o  MI i da te  t h e  use o f  t h e  theory. 
(38) Wait, J.R., "Quasi-Stat ic  L i m i t  f o r  t h e  Propagatlon b d e  Along a 
Th in  Wire i n  a C i r c u l a r  Tunnel," IEEE Trans. PGAP, Vol. AP-25, No.3 
pp.441-443, May 1977. 
Th i s note  develops essent i a l I y t h e  same quas i - s t a t i c  l i m i  t f o r  
es t ima t ing  t h e  mono f i l a r  mode propagation constant  a long an Idea l i zed  
coax ia l  lossy l i n e  as has been used by Cory f o r  mono f i l a r  mode loss 
conrputati ons, Th is  technique requ i res  r e f  1 nement, however, t o  
handle t h e  complete MF frequency range I n  coal  mines. Th is  ref inement 
f o r  t h e  phase constant  o n l y  has been p u t  f o r t h  by Cory i n  Reference (17). 
( 3 9 )  Wait, J.R. 6 H i  l I, D.A., "Guided Electromagnetic Waves Along an 
Ax ia l  Conductor i n  a C i r c u l a r  Tunnel," IEEE Trans. PGAP, Vo. AP-22, 
pp. 627-630, J u l y  1974, 
Th is  paper g i  ves the  foundation theory  f o r  monof i i a r  made 
propagation along a symmetr ical ly  spaced a x i a l  conductor I n  
a lossy coax ia l  t ransmission l i ne ,  
(40) Reid, D.G.,"Wireless Communications f o r  Trackless Haulage Vehicles," 
Sect ion 7 "Antennas" by T.S. Cory under Subcontract C-65 1 196 t o  
Rockwe1.l /Co l l l ns, Phase I Report on USBM Contract  H03770 13, 
August 1977, 
Sect ion 7.4 "Coup I ed-Repeater Antennas" g i  ves r e s u l t s  o f  the  
coup! ing c o e f f i c i e n t  between a large base s t a t i o n  loop antenna 
and a conductor over a lossy in te r face ,  
The coup l i ng i s quas i-i ndependent o f  range ( f o r  shor t  ranges up t o  
48 f e e t  a t  l eas t  because o f  the  concent ra t ion o f  magnetic f l u x  
near t he  i n te r f ace  such t h a t  the  f l u x  threads t he  loop f o r  
essent i a l l y a I l spaci ngs f o r  which measurements were made. 
( 4  I )  Cory, T.S., "MF System Ca l c u l  a t ions  f o r  Lucerne #8 and Sesser M i  nes," 
unpub l i shed mnograph prepared f a r  Rockwel I/% l ! ins  on Subcontract 
C-65 1 196 under USBM Contract  H03770 13, J u l y 1977. 
Th i s monograph presents t he  f i rst system performance pred t ct ions 
merging t he  c lose  coup l ing  theory  w i t h  sca-l-fer ga in  computations 
f torn a remote transmi t t e r .  
(42)  Cory, T.S., "Antenna Design and Coupling Studies a t  Medium Frequency 
f o r  I mproved Coal Mine Comnunications," Ter ry  S. Cory, P.E. under 
BuMi nes Purchase Order P0382223, December 1978. 
Th i s r e p o r t  presents coup l i ng coef f i c i ents f o r  antennas t o  an assumed 
AC power cable, including the  e f f e c t s  o f  veh icu la r  muntbng, der ived 
from quas' i -stat lc  graphical  f i e l d  mapping. 
The f o l l ow ing  f i v e  repo r t s  were prepared under USBM Contract  H0133005 by 
t h e  Electromagnetic D i  v i  sion, l n s t i  t u t e  f o r  Basic Standards, Not lona l  
Bureau o f  Standards. 
(43)  Bensema, W.D., e t .  al., "Electromagnetic Noise I n  Robena No.4 Coal 
Mine," NBS Tech Note 654, Apri l 1974. 
(44) Adam, J.W., e t .  al., "Electromagnetlc Noise i n  Grace MIne," NBSlR 
74-388, June 1974. 
(45) Kandu, M., e t .  at., "Electromagnetic Noise I n  k E i r o y  Mine," 
NBSlR 74-389, June 1974. 
(46) Bensem, W.D., et .  a l e ,  "Electrornagnettc Nolse i n  ltmann Mine," 
NBS l R 74-390, June 1974. 
(47) Scott,  W.W., e t .  at., XElectrornagnetfc Noise i n  Lucky Friday Mine," 
NBSlR 74-391, October 1974. 
These reports,  on a per-mine basis, describe extensive measurements 
o f  el ectromagnet f c no i se i n underground m i  nes. These measurements 
were performed a t  200 kHz and below. U n t i l  recent ly,  ex t rapo la t ion  o f  
these data i n t o  the  MF region provided the on ly  estimates o f  MF 
noise. Care must be taken i n  using some o f  the  data as it was 
set-no i se- I  i m i  ted. 
Th is  f i n e  work, unfortunately,  d i d  not  consider p a r t i t i o n i n g  o f  
noise according t o  type o f  mining operations ( f o r  example, AC, DC, 
be1 t o r  tracked haul age, c lose t o  o r  away from conductors, presence 
o f  t r o  l ley phone i nterferance, etc. 1. 
( 48 )  Decker, Rep., "Research and Development Contract f o r  Coal Mine 
Communication System - Vol. 3 Theoret ical  Data Ease," C o l l i n s  
Radio Co. Final  Report, USBM Contract H0232056, November 1974. 
This repor t  surnmrizes the NBS noise measurements and put  f o r t h  
an empir ical  formula f o r  the computation o f  median-mine-noise 
( a va l ue wh i ch, s i  nce, has been determi ned t o  have l i m i  ted  
operat ional  s ign i f i cance  1. 
(49) Cory, T.S., "Evaluation o f  Electromagnetic Noise i n  Coal M I  nes a t  
VLF and MF Frequencies Based on Noise Measurements on Mine 
Telephone Lines," Working Memorandum #8, Terry S. Cory, P.E. 
under BuMi nes Purchase Order P0382497, March 1 979. 
Th i s repo r t  descr i  bes d i f fe ren t  i a l mode and common mode noi se 
measurements made on t e  l ephone l i nes i n underground m i  nes. The 
common mde  data has been in terpreted a t  MF frequencies i n  terms 
o f  a radiated noise f i e l d  s t rength c lose t o  e x i s t i n g  mine 
wir ing.  Use o f  t h i s  data i n  conjunct ion w i th  ext rapolat ions o f  
the NBS data has been made t o  es tab l i sh  opera t iona l l y  s i g n i f i c a n t  
noi se curves from which MF system performance can be estimated. 
7.5 PROTOTYPE SYSTEM ELEMENT DEVELOPbIENTS 
(50) Anderson, D.T., et. at . ,  "Phase-l Mine Wireless Final  Report," 
Rockwell /Coll ins under USBM Contract  H0346067, 1975. 
This repo r t  describes the desl gn parameters chosen f o r  the  ensuing 
Phase I1  development o f  MF wi re less rad io  prototype equipments; 
t o  cons is t  o f  portables ( p lus antennas ) and base s ta t i ons  ( p lus 
antennas 1. 
(51) Wilson, L.R., e t .  a l . ,  "Phase-ll Mine Wireless Flnal  Report," 
Rockwe l l /Co l l i ns under USBM Contract  H0346067, 1977. 
This repo r t  provides the complete deveiopmental description o f  the 
two-frequency FM prototype equipments developed and furnished f o  
the  Bureau f o r  eva 1 uation. 
(52)  Ib id .  Ref. (42) 
This repor t  describes the  design and b u i l d  o f  two prototype 
vehicu lar  MF antennas f o r  use I n  coal m i  nes. l ncl uded i s  the 
theore t i ca l  descr ip t ion  o f  a mul t i - tu rn  antenna design a lgor i thm 
from which the developed antenna design performance was optimized. 
( 5 3 )  Cory, T.S., " b thane  Telemetry System f o r  Conti nuous M i  ners," 
Fi na l Report o f  Contract J0 166094 w i th  Rockwe 1 I /Co l l i ns prepared 
on USBM Contract J0 199026, Apri l 1979, 
This repo r t  describes a wire less MF rad lo  remote monitor ing 
system f o r  t he  simultaneous and continuous unattended monitor ing 
o f  up t o  8 methane sensors i n s t a l l e d  on a continuous miner. 
Complete descr ip t ions o f  the  d i g i t a l  modulation, cont ro l  ( rnicro- 
processor 1, and RF transmi t t e r / r e c e i  ver des i gns are g i  ven. 
(54)  Ib id .  Ref. (40)  
This repor t  provides a f i cs t  order funct ional  descr ip t ion  of a 
poss ib le  MF system conf igura t ion  f o r  use i n  t rack less  haulage 
appl icat ions.  
(55) Austin, B.A., "Underground Radlo Communication Techniques and 
Systems i n  South African.Mlnes," E iect ron ics Div is ion,  Chamber 
o f  Mines o f  South Afr ica,  Research Organfzatlon, 1978 USBM Guided 
Wave Electromagnetic Workshop, March 1978. 
Th i s repor t  descr i bes the  deve 1 opment o f  rad io  components and the 
implementation o f  communication techniques ( based on the  MCAL 
SSB rad io  equipment parameters 1 tn use I n  South Af r ican mines. 
(56) Lagace,R.L., e?. al., "Transmit Antennas f o r  Portable VLF t o  I4F 
Wireless Mine Communications," Arthur D. L i t t l e ,  Inc., Final 
Report Task C, Task Order #I, USBK Contract H0346045, May 1977. 
With regard t o  MF antennas, t h i s  repo r t  provides a cursory 
overview o f  t he  t h ink ing  which has taken place p r i o r  t o  1977 
regard i ng w i r e  l ess rad i o antennas. 
(57) Lagace, R.L. 8 Emslie, A.G., "Antenna Technology f o r  PCdium Frequency 
Portable Radio Communications I n  Coal Mines," Arthur D. L i W l e ,  Inc., 
1978 USBM Guided Wave Electromagnetic Workshop, March 1978. 
This paper discusses considerat ions re la ted  t o  t he  design and 
se lec t ion  o f  MF por tab le  rad lo  antennas f o r  use In coal mines; 
inc lud ing the  recommendation o f  R & D on ferr i te- loaded antennas. 
Deta i 1 ad des i gn ana 1 yses and/or resu l t s  are no t  g l  ven. 
(58)  Chufo, R.L., e t .  aI.,"F"Rdium-FrequencyMne Wireless Radio", 
Bureau o f  Mines In fo rmat ion  C i r c u l a r / l 9 7 7  I C  8745, pp.63 - 72 
Th is  r e p o r t  descr ibes  t h e  Rockwel l /CoI l i n s  narrowband FW 
p ro to type  r a d i o s  and t h e  general p o t e n t i a l  f o r  MF w i re1 ess 
systems based on t h e  r e s u l t s  experienced d u r i n g  t h e  f i r s t  
major  f i e l d  s t r e n g t h  measurement Drogram ( Reference 9 ). 
The paper descr ibes  t h e  communications requirements whlch 
lead PMSRC t o  i n i  t i t a t e .  R 8 D e f f o r t s  i n  t h i s  technology 
a rea . 
